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Abstract
CdZnTe has been the focus of intense research as an attractive alternative mate­
rial as a semiconductor radiation detector. Due to recent advances in the growth 
of the CdZnTe crystals it has been possible to develop small pixel, spectroscopic 
radiation detectors which overcome the poor hole transport properties of CdZnTe. 
This project utilized the PIXIE ASIC to investigate effects relating to pixelated 
detectors. This work focused a wide range of effects relating to pixelated CdZnTe 
radiation detectors. Investigations into single pixel effects resulted in investigation 
how different components of electronic noise effect detector performance. Further­
more the charge collection efficiency of each pixel was investigated to quantify its 
effect on the spectroscopic performance. Multiple pixel effects, for example charge 
sharing between adjacent pixels when pixel size is significantly smaller that detector 
thickness was investigated. X-ray spectroscopy studies were undertaken to investi­
gate how the level of charge sharing is effected by the incident X-ray energy and 
the pixel size of the pixel array. Charge sharing and charge loss in a 250 fim pitch 
CdZnTe pixel detector was also investigated using a mono-chromatic X-ray beam 
at the Diamond Light Source, U.K. Using a 20 iim beam diameter the detector 
response has been mapped for X-ray energies both above (40 keV) and below (26 
keV) the material A-shell absorption energies to study charge sharing and the role 
of fluorescence X-rays in these events. Furthermore how the bias applied to detector 
effects the level of charge sharing and charge loss will be investigated.
Acknowledgements
Firstly I would like to thank my supervisor Paul Sellin. Who has always been 
considerate to the difficult circumstances over the last three years and has been 
source of help and advise throughout.
Many thanks should also go to the PhD students, postdocs and academics in the 
radiation detection group. Annika Lohstroh, Dimitirs Kitou, Veeramani Permual, 
Paola Avella and Sandeep Chaudhuri whose help and support throughout the three 
years was invaluable. I would also like to thank Cristobel Soares-Smith for always 
being available for a chat and for her unwavering help in setting up meetings with 
Paul. Another special thanks should also go to all my fellow wreckers. The last 
seven years at Surrey have been most fun and rewarding experiences I could have 
ever wished for and th a t’s because of you guys and girls.
I would also like to thank Nicola Tartoni at the Diamond Light Source for being so 
generous in providing the 2  days of beam time which were so crucial for this project. 
A big thanks should also go to M att Veale at the Rutherford Appleton Laboratories 
(RAL) whose help and advise over the last three years has been invaluable. Fur­
thermore thanks should go to John Lipp at RAL for his help in the final year of this 
project.
On a personal note I would like to thank all the staff at the Royal Surrey County 
Hospital for all there help with my back problems during these last three years. I 
would like to thank all my family who have been so supportive through the most 
difficult times of all our lives.
Finally the most important acknowledgement should go to my mother Mandy who 
is no longer with us. Her support and constant source of love through my whole live 
resulted in all my achievements to date. She did such a great job of raising myself 
and my sister and all our future successes will be rooted in her greatness as a mother 
and a friend.
Contents
A bstract i
Acknowledgem ents ii
1 Introduction 1
1 . 1  Semiconductor Radiation d e te c to r s    . . 2
1 . 2  Cadmium Zinc Telluride (C d Z n T e )..........................................................  5
1.2.1 Pixelated CdZnTe Radiation D e tec to rs .......................................  5
1.3 Thesis O utline ................................................................................................  7
2 D etector Physics T heory 9
2 . 1  Interaction of Electromagnetic Radiation W ith M a t t e r ......................  9
2.1.1 Photoelectric A bsorption................................................................. 10
2.1.2 Compton Scattering  ..........................................................  1 1
2.1.3 Pair P roduction ................................................................................. 1 2
2.1.4 X-ray and 7 -ray Attenuation C o effic ien t........................................13
2.2 X-ray F luorescence......................................................................................  14
2.3 Semiconductor Band S tructure ...................................................................  17
2.4 Generation of Charge C a rrie rs ....................................................................... 2 1
2.5 The Shockley-Ramo T h e o re m ....................................................................... 22
2.6 Single Charge Carrier Sensitive D etectors....................................................25
2.6.1 Pixelated CdZnTe Radiation D e tec to rs ........................................... 27
2.6.2 Charge Sharing Between Adjacent P ix e ls ........................................29
111
%  CONTENTS
3 Experim ental Setup and Apparatus 33
3.1 Fabrication of CdZnTe Detectors .................................................................33
3.2 Surface Characterisation M eth o d s ................................................................. 36
3.2.1 Zygo Newview 200 ...........................................................................  36
3.2.2 Scanning Electron Microscope (S E M )...............................................37
3.3 PIXIE ASIC and Readout S ystem ................................................................. 37
3.4 XIA DGF-Pixie-4: Digital D ata Acquisition S y s te m .................................41
3.5 Lab VIEW Digital Pulse Processing Analysis Softw are..............................42
3.5.1 CR-(RC)” Digital Pulse Shaping ..................................................... 43
3.5.2 Pixel Spectra G eneration..................................................................... 47
3.5.3 Event Classification and Sum Spectrum G en era tio n .....................47
3.6 Focused X-ray Beamline S tu d ies .................................................................... 50
4 CdZnTe D etector M etrology and Spectroscopy 53
4.1 Metrology Studies of a GdZnTe Medipix D e te c to r ....................................54
4.1.1 Curvature of CdZnTe m a te ria l............................................................54
4.1.2 Surface Roughness of the Bare CdZnTe M ateria l........................... 57
4.1.3 Gold Pixel C harac te risa tion ...............................................................58
4.2 Spectroscopy Studies of CdZnTe Redlen PIXIE Detector . . . . . . .  61
4.2.1 Single Pixel Spectra ............................................................................61
4.2 .1 . 1  Optimisation of Lab VIEW Software Parameters . . .  63
4.2.1.2 Detector Bias Effect on Detector Performance . . . .  6 8
4.2.2 Sum Spectra and Multiple Pixel E ffects............................................72
4.2.2.1 Gain Matching of the D e te c to r ........................................72
4.2.2 . 2  Event Classification and the Optimum Threshold Value 78
4.2.2.3 Charge Sharing and Sum Spectrum Performance . . 80
4.3 S u m m a ry ...........................................................................................................84
5 Focused X-ray B eam  Studies 87
5.1 Array and Pixel Locating.................................................................................8 8
5.2 Single Pixel Spectra .....................     92
CONTENTS
5.3 Variation in Charge Collected by a Single Pixel 95
5.4 Charge Loss in the Interpixel R e g io n ...........................................................96
5.5 2D Parametric Plot: Representation of Charge Sharing Events . . . .  101
5.5.1 2D plots Recorded with a 26 keV B eam .......................................... 102
5.5.2 2D plots Recorded with a 40 keV B eam .......................................... 105
5.6 Charge Sharing Between Adjacent Pixels at Different X-ray Energies 110
5.7 Detector Bias effect on Detector C h arac te ris tic s ......................................112
5.7.1 Charge Sharing at Different Detector B ia s e s .................................113
5.7.2 Variation in Total Collected Charge at Different Detector Biases 114
5.8 S u m m a ry ......................................................................................................... 117
6 Conclusions and Future Work 120
6.1 C onclusions...................................................................................................... 1 2 0
6.2 Future W ork ...................................................................................................... 123
A Published Papers 125
List o f Figures 150
List of Tables 152
Chapter 1
Introduction
Since the discovery of radioactive materials, scientists have endeavoured to find ef­
ficient systems to detect and measure these various forms of radiation. Multiple 
systems have been developed to measure radiation and can be grouped into three 
different groups: gas filled detectors, scintillation detectors and semiconductor de­
tectors.
The most common and widely used example of a gas filled radiation detector is 
a Geiger-Müller (G.M) Tube. Introduced by Hans Geiger and Walther Müller in 
1928 a G.M tube can be used to detect ionising radiation such as alpha and beta 
particles. The detector consists of a tube of inert gas such as neon or argon between 
two electric plates. The gas is held in a high electric field so when radiation enters the 
tube the gas becomes ionized and avalanche occurs resulting in a high measurable 
current. The number of ions created is independent of the radiation energy therefore 
no information on the indecent energy of the radiation can be gained, however G.M. 
tubes are still widely used in the radiation monitoring sector.
In the early 1950’s scintillation detector systems had been developed which made 
it possible to detect and measure the energy of radiation entering the detector. 
These detector systems consist of scintillation crystal coupled to a photomultiplier 
tube. When radiation enters the scintillator the atoms are placed in an excited 
state which then de-excite via the emission of photons with wavelengths in the 
visible to near-visible electromagnetic spectrum region. These photons then enter
1
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a photomultiplier tube which consists of a photocathode and a series of dynodes. 
The photon enters the photocathode and via the photoelectric effect a number of 
photoelectrons are emitted which are then multiplied in number by a series of dynode 
plates. This process results in a detectable signal which is proportional to the energy 
of the incoming radiation. By using different scintillation crystals it is possible to 
measure different types of radiation. For example Nal(Tl) scintillation detectors 
are optimized for measuring gamma radiation compared to Csl which is optimized 
for the detection of protons and alpha particles. The use of scintillation detectors 
have many desirable properties, however there are a significant number of steps to 
create a usable signal of which some can be inefficient resulting in degradation in the 
energy resolution. This meant much research was undertaken on detector systems 
which are more efficient for example the use of semiconductor materials.
1.1 Sem iconductor Radiation detectors
Semiconductors have certain properties which make them a desirable alternative 
radiation detector compared to gas filled detectors and scintillation detectors. A 
detector has to be able to work under a high bias whilst still not creating a high 
leakage current which is a property of an insulator, however when charge carriers 
are created by the interaction of radiation with the detector material they have to 
be able to migrate through the detector hence act as a conductor. These two re­
quired properties meant much research was undertaken on semiconductor materials 
as possible candidates for radiation detectors.
When radiation enters the semiconductor electron-hole pairs are created, where 
the number of them is proportional to the energy of the incident radiation. The 
migration of these charge carriers can be converted to a readable signal which can 
then be used to measure the energy of the radiation. One desirable property of 
semiconductors compared to scintillators is the energy required to create an electron- 
hole pair (W-value). For example the W-value of CdZnTe is ~  5eV compared to 
25 eV for Nal(Tl) scintillator detector [1]. This decrease in W-value for CdZnTe
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means more charge carriers are created for the interaction of radiation with the 
same energy. As a result there is a larger signal-to-noise ratio and a better energy 
resolution.
The most widely used semiconductors for the detection of radiation are Silicon (Si) 
and Germanium (Ge). Both these materials give extremely high resolution and 
through years of research are easier to produce. However they do have certain 
disadvantages.
Material Cdo.gZno.iTe CdTe Ge Si
Atomic Number 49.1 50 32 14
Density (gcm“ )^ 5.78 5.85 5.33 2.33
Band Gap (eV) 1.57 1.51 0.67 1 . 1 2
W-Value (eV) 4.6 4.4 3.0 3.6
Resistivity (flcm) 3 X 10^" 1 0 6 50 < 1 0 ^
Electron Mobility pe (cm^V“ ^s“ )^ 1 0 0 0 1 1 0 0 3900 1400
Electron Lifetime Tg (s) 3 X 10-6 3 X 10-6 1 0 - 6 1 0 - 6
Hole Mobility (ih (cm^V“ ^s“ )^ 10-80 1 0 0 1900 480
Hole Lifetime Th (s) 1  X 1 0 - 6 2  X 1 0 - 6 1  X 1 0 - 6 2  X 1 0 - 6
Table 1.1: Detector material properties of different semiconductor radiation detec­
tors [2 ].
As shown in table 1.1 the band gap of Si and Ge (1 . 1 2  eV and 0.67 eV respectively) 
are lower compared to CdTe and Cdo.gZno.iTe. The smaller band gap energy means 
the W-value is lower resulting in more charge carriers being created for the same 
incident radiation energy compared to CdTe and Cdo.gZno.iTe. However the lower 
band gap does have one disadvantage. Equation 1.1 is the probability for carriers to 
be thermally generated (p{T)) where T  is the absolute temperature, C is a material 
dependent constant, ks  is Boltzmann’s constant and Eg is the band gap energy [3].
p ( T )  =  C r ' / ' e x p
2kBTj
(1.1)
The lower band gap energy of Si and Ge will result in more thermally generated 
carriers thus increasing the measured leakage current of the detector. This increased 
leakage current will result in a degradation of the detector performance and for Ge 
detectors the detector needs to be cooled to cryogenic temperatures with systems
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which can be bulky and impractical for industrial applications.
Another disadvantage of Silicon and Germanium is the low atomic numbers [Z) 
of the elements. Photoelectric absorption is the favoured gamnia-ray interaction 
for a radiation detector where the probability for the interaction to occur is highly 
dependent on the Z number of the material. As shown in figure 1.1 at higher 
energies the probability for photoelectric absorption as a function of energy is larger 
for CdZnTe compared to Si and Ge.
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Figure 1.1: Probaility for photoelectric absorption to occur as function of energy for 
Gdo.9 Zno.1Te, Ge and Si calculated using XGOM [4].
As a result of these disadvantages much research has been undertaken to find alter­
native semiconductors as potential candidates for radiation detectors. Compound 
semiconductors such as Gallium Arsenide (GaAs), Aluminium Gallium Arsenide 
(AlGaAs), Cadmium Telluride (CdTe), Cadmium Zinc Telluride (GdZnTe) and Mer­
curic Iodide (Hg%2 ) have been investigated as alternatives. These materials can be 
tuned to cater for industrial applications by changing the elements within the com­
pound resulting in different band gaps and photoelectric coefficients. Much scientific 
research has been carried out on GdZnTe as an alternative semiconductor radiation 
detector material for a wide variety of applications and has been investigated in this 
project.
1.2 Cadmium Zinc Telluride (CdZnTe)
1.2 Cadmium Zinc Telluride (CdZnTe)
Cadmium Telluride (CdTe) is a II/V I binary compound semiconductor. Its higher 
band gap makes it possible to work reliably at room temperature which is desirable 
for applications in the medical, security and industrial sectors [5-9]. Furthermore 
the higher density and average atomic number compared to Si and Ce makes it a 
desirable alternative semiconductor. It is also possible to improve the properties of 
CdTe by replacing a percentage (x) of the Cd atoms in the crystal lattice with Zn 
resulting in Cdi_a;Zna,Te [10]. When 10% of the Cd atoms are replaced with Zn the 
band gap of the material increases from 1.51 eV to 1.57 eV. This larger band gap 
and reasonable electron charge carrier transport properties meant much research 
was undertaken on Cdi_a,Zn^Te.
Cdi_a;Zna;Te has one significant limiting factor on its performance as a radiation 
detector. The charge transport properties of holes in CdZnTe is significantly lower 
compared to electrons ((/ir)e =  3 x 10”  ^cm^s~^, {iir)h =  5 x 10~^ cm^s“ )^ [2 ]. As a 
consequence of this the generated holes are trapped in the crystal and it is thought to 
be due to defects and impurities entering the crystal in the growing procedure. The 
trapping of holes results in low energy tailing on a photopeak and a drop in detector 
performance. To account for this much research has been undertaken on developing 
detectors which are only sensitive to the movement of electrons thus negating the 
poor hole transport properties. One such example is the use of a pixelated anode 
and planar cathode.
1.2.1 P ixela ted  CdZnTe R adiation  D etectors
The use of a detector with a pixelated anode and planar cathode results in the ‘small 
pixel effect’. In these detectors the resulting signal generated by the movement of 
charge is dominated by the electron motion [11,12]. The ‘small pixel effect’ where 
the pixel size is significantly smaller than detector thickness can be utilized in pixel 
detectors. As the pixel size decreases compared to the detector thickness the detec­
tor sensitivity to hole motion is minimized resulting in an improved spectroscopic
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performance of the CdZnTe pixel detector [13]. A great deal on scientific research 
has been undertaken on pixelated Cdi-^^Zn^^Te radiation detectors for a wide variety 
of applications in the medical, security, astrophysical and industrial sectors [5-9]. 
The choice of pixel size has a large effect on the recorded performance of pixelated 
radiation detectors [14]. For example in medical imaging applications there is need 
for a high level of positional resolution. This as a result means for medical imaging 
applications the use of small pixel sizes and pitches is a desirable property. How­
ever as the pixel size reduces compared to the detector thickness it is possible for 
charge to be shared between adjacent pixels and be lost in the interpixel region. In 
extreme cases where there is a high level of charge sharing the events may have to 
be reconstructed [15,16]. Charge sharing and charge loss in pixelated detectors can 
therefore have a large effect on the detector characteristics and performance.
The PIXIE ASIC has been developed by the Rutherford Appleton Laboratories to 
investigate a wide variety of effects relating to pixelated radiation detectors [17,18]. 
A PIXIE detector consists of four 3 x 3  pixel arrays of different pixel sizes, pitches and 
geometries. This project involved an extensive study of a Redlen CdZnTe PIXIE 
detector. Investigations into the spectroscopic performance of the detector and 
charge sharing between pixels was undertaken. Furthermore the use of a synchrotron 
X-ray beam at the Diamond Light Source made it possible to undertake studies into 
how the level of charge sharing and charge loss changes with incident radiation 
energies below (26 keV) and above (40 keV) the A-shell absorption energy of Cd 
(26.7 keV) and Te (31.8 keV).
Another example of a pixelated radiation detector is a Medipix detector. A Medipix 
detector [9] can be used in a wide variety of imaging applications due to its small 
pixel pitch size. A metrology study of a Medipix CdZnTe detector was undertaken 
to investigate i t’s suitability to be Indium (In) bump bonded to a Medipix III ASIC.
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1.3 Thesis Outline
The use of pixelated anode electrode as a way to improve the recorded performance 
of a CdZnTe radiation detector has been well known in recent years. This project 
involved significant studies into phenomena involved with pixelated radiation de­
tectors. Charge sharing, charge loss and metrology studies of 2  different pixelated 
detectors were undertaken and will be explained in this thesis. W hat follows is a 
brief outline of each of the chapters in this thesis following this introduction chapter.
•  Chapter 2
Chapter 2  involves discussions into the relevant detector theory for the op­
eration of semiconductor radiation detectors such as CdZnTe. The chapter 
will explain how electromagnetic radiation interacts with material. Following 
on from this discussions into semiconductor theory and how charge carriers 
are generated inside the crystal. Furthermore explanations of the Shockley- 
Ramo theorem regarding charge induction and single charge carrier sensitive 
detectors will be undertaken.
© Chapter 3
Chapter 3 focuses on the different experimental apparatus and setups used 
in this project. Initially a brief explanation of how gold pixel contacts are 
fabricated onto CdZnTe will be undertaken. Following on from this the sec­
tion explains three different topics. Firstly the Zygo Newview 200 non-contact 
optical profiler and the function of a scanning electron microscope will be ex­
plained in relation to the use of the equipment in the metrology study of a 
Medipix CdZnTe detector. Secondly the PIXIE ASIC, the digital data acquisi­
tion system and the Lab VIEW software written to analyse the data generated 
by the PIXIE ASIC in conjunction with the acquisition system will be ex­
plained. Finally the experimental setup used on the 115 beamline at Diamond 
Light Source to investigate charge sharing between pixels will be discussed.
1.3 Thesis Outline
• Chapter 4
Chapter 4 is the first results chapter. Firstly the findings of a metrology study 
on a Medipix CdZnTe detector and its suitability to be In bump bonded to a 
Medipix III will be discussed. Following on from this an extensive study of a 
2 mm thick Redlen CdZnTe PIXIE will be explained. Studies into single and 
multiple pixel effects in pixelated detectors and the dependence on incident 
X-ray energy and detector bias will be reviewed.
• Chapter 5
Chapter 5 focuses on an experimental campaign carried on the 115 beamline 
at the Diamond Light Source. Initially the procedure used to find the pixels 
of interest on the Redlen PIXIE detector characterized in chapter 4 will be 
explained. Following on from this the results gained when line scans between 
adjacent pixels were performed with a 20 jim focused X-ray beam will analysed. 
Studies into how charge sharing and charge loss varies with incident X-ray 
energies below (26 keV) and above (40 keV) the mean Æ-shell absorption 
energies of Cd and Te will be discussed. Finally how the level of charge sharing 
and charge loss is effected by the detector bias will be discussed.
• Chapter 6
Chapter 6  will conclude the thesis which will summarise the major findings 
and discuss any suggestions for future work.
Chapter 2
D etector Physics Theory
To understand the properties of the CdZnTe radiation detectors discussed in this 
thesis a good understanding of how a detectable signal is generated is essential. In 
this chapter topics regarding the interaction of ionising radiation with the detector 
material, the generation of charge carriers and the subsequent induced charge on 
an electrode will be discussed. Furthermore the concept of single charge carrier 
sensitive devices and the subsequent improved performance of a CdZnTe detector 
will be discussed.
2.1 Interaction of Electrom agnetic Radiation W ith  
M atter
When radiation enters an absorbing material it can deposit a proportion, if not all 
of its initial energy via the interaction of the radiation with the atoms tha t make 
up the material. For the case of electromagnetic radiation like X rays and 7  rays 
there are three dominant interaction methods which are: photoelectric absorption, 
Compton scattering and pair production. As shown in figure 2 . 1  the probability for 
interaction to occur is dependant on the atomic number (Z) of the material and the 
initial energy of the incoming radiation.
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Figure 2.1: Graph to show how the relative importance of the three major X-ray 
and 7 -ray interactions vary with Z  of absorber and the energy of the interacting 
radiation [3,19].
2.1.1 P hotoelectric  A bsorption
For a spectroscopic radiation detector such as CdZnTe, photoelectric absorption 
is the most important interaction mechanism. This is due to the fact that when 
electromagnetic radiation interacts with the detector via photoelectric absorption it 
can deposit up to all of its energy.
As shown in figure 2 . 1  at energies less than ^  100 keV photoelectric absorption is the 
dominant interaction mechanism. In photoelectric absorption the photon energy is 
transferred to a bound electron typically in the tightly bound AT-shell of the material. 
As a result of this energy transfer it is possible for the electron to be ejected with 
an energy given by equation 2 .1 :
Fg_ =  hu — EB.E (2 .1 )
where h is Planks constant, u is the frequency of the incident radiation and Eb .e 
is the binding energy of the atomic electron. The ejected electron then propagates 
through the material with a typical range of tens of microns for electron energies 
up to 100 keV [20]. Furthermore the ejection of the electron results in a vacancy in 
the electron shell and leaves the atom in an excited state. The vacancy is quickly 
filled by electrons from the less bound outer shells de-exciting to the vacancy. The 
de-excitation will result in emission of characteristic fluorescence X ray or Auger
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electrons.
There is no single analytical expression for the probability for photoelectric absorp­
tion {rpE ) to occur. However a rough approximation is shown in equation 2.2 
where Z  is the atomic number of the material, the exponent n varies between 3 and 
4 , C is a constant dependent on detector material and is energy of the interact­
ing photon. Photoelectric absorption is a favoured interaction for X-ray detectors, 
therefore the large dependence of equation 2.2 on the Z  value of the material shows 
that materials with a high Z number such as CdZnTe are desirable as X-ray and 
7 -ray detectors.
'TPE C
Z^
(2 .2)
2.1.2 C om pton Scattering
The second interaction involving X rays and 7  rays with m atter is Compton scat­
tering. In this interaction the incoming electromagnetic radiation scatters off a 
‘nearly-free’ electron resulting in energy being transferred to the ‘nearly-free’ elec­
tron. If the electron is assumed to initially be at rest the photon scatters through 
an angle B and the recoil electron through an angle $  as shown in figure 2 .2 .
R ecoil Electron
Incident Photon
A A A A t^ -"
energy =  hv
Scattereii Photon
enerev =  hv'
Figure 2.2: Illustration of Compton scattering. A photon of energy E  ^ interacts with 
a ‘nearly-free’ electron. The photon scatters through an angle 6 and the electron
recoils through an angle T.
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Utilising the conservation of total - mass energy and linear momentum, equation 2.3 
is formulated to calculate the energy of the scattered photon E' .^ Where E^ is the 
initial photon energy and 9 is the scattering angle of the photon. Energy detected 
by the detector is the energy of the recoil electron {Eq—) which is the difference 
between the initial photon energy (E^) and the scattered photon energy {E' )^.
4 - , (“ )
rrieC^
E , -  =  -  E ; (2.4)
As this interaction mechanism is dependent on the number of ‘nearly-free’ electrons 
the probability for the interaction to occur (tcs) will increase with atomic number 
of detector material. The variation in the probability for the interaction to occur as 
a function of energy can be seen in figure 2.3.
2.1.3 Pair P roduction
The third interaction mechanism is relevant only for high energy yrays. In the 
presence of a Coulomb field from an atom to conserve momentum it is possible for 
the incident electromagnetic radiation to be absorbed and to be converted into an 
electron-positron pair. In order for energy to be conserved equation 2.5 must hold, 
where Ej  is the initial photon energy, T+ and T_ are the kinetic energies of the 
positron and electron respectively. From equation 2.5 there is an obvious energy 
threshold below which the interaction cannot occur which is 2mgC ,^ 1.22 MeV.
Ej  =  Tp -f- 771q+(  ^ -f- T— -f- (2.5)
There is no simple expression for the probability for pair production to occur (rpair), 
however its magnitude is found to vary square of the absorber atomic number (%^) 
[3,19]. Furthermore it is the dominant mechanism for high energy gamma rays as 
shown in figure 2 .1 .
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2.1.4 X -ray and 7-ray A ttenuation  CoefRcient
When an X ray or 7  ray enters a detector the photons are absorbed or scattered via 
the interaction process previously explained in sections 2.1.1-2.1.3. It is possible to 
define the probability per unit length tha t a specific interaction process will occur, 
furthermore the sum of the probabilities is known as the linear attenuation coefficient 
(//) and has the following equation:
A’hotoelectric T  A:ompton T  A>air (^ •^ )
where T^ botoeiectric, cTcompton and /Cpair are respectively the probability per unit length 
for photoelectric absorption, Compton scattering and pair production to occur.
At a given X-ray energy it is possible to calculate the number of photons which 
will be attenuated by a detector by using equation 2.7. Where /q, I  are initial and 
resulting intensity of the radiation respectively and t is the detector thickness.
I  =  /oe”"' (2.7)
One limitation of the linear attenuation coefficient is that the value varies with the 
density (p) of the material. Therefore the value of the coefficient varies with the 
physical state of an absorber so for example it will be different for water in its liquid 
and vapour form. To account for this the mass attenuation coefficient (^/p) is defined 
as the linear attenuation coefficient divided by the density of the material. Figure
2.3 shows the mass attenuation coefficient of Cdo.9 Zno.1Te and the probability for 
an interaction mechanism to occur as a function of energy. As shown the dominant 
interaction mechanism is highly dependent on the incident radiation energy.
There are discontinuities at energies of 26.7 keV and 31.8 keV in figure 2.3. These 
energies correspond to the TT-shell binding energies of Cd and Te respectively. At 
photon energies greater than these binding energies it is possible for fluorescence X- 
ray to be emitted from Cd and Te. The process resulting in the emission fluorescence 
X-rays and the effects these X-rays have on the properties of a pixelated X-ray 
detector will be explained in the next section
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Figure 2.3: Mass attenuation coefficients for the three major electromagnetic radi­
ation interactions with Cdo.9 Zno.1Te, calculated using XCOM [4].
2.2 X-ray Fluorescence
As explained in section 2 .1 . 1  it is possible via photoelectric absorption for an electron 
to be ejected from its atomic orbit shell leaving the atom in an excited state. The 
subsequent de-excitation can result in characteristic fluorescence X-rays or auger 
electrons being emitted. The percentage of the events resulting in fluorescence X- 
rays is defined by the fluorescence yield which is 84 %, 47 % and 8 8  % for Cd, Zn 
and Te respectively [21].
The process for the emission of fluorescence X-rays is shown in figure 2.4. Typically 
an electron is emitted from the A-shell of an atom leaving the atom in an excited 
state. Electrons from higher electron orbits subsequently de-excite into the JF-shell 
and a characteristic X ray is emitted with an energy equal to the difference of the 
binding energies of the electron shells. Figure 2.4 also shows the name for each of 
the fluorescence X-rays where for example the de-excitation of an electron from the 
L-shell to the A-shell is known as a K q, X ray.
Fluorescence X-rays have an effect on the mass attenuation coefficient of a material. 
As shown in figure 2.5 there are a series of discontinuities in the graph which are due
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Figure 2.4: Schematic of electron orbitals of an atom and the resulting fluorescence 
X-rays emitted after the ejection of an electron via photoelectric absorption.
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Figure 2.5: Mass attenuation coefficient of Cdo.9 Zno.1Te showing the discontinuities 
due to the binding engines of specific electron orbitals in Cd, Zn and Te, calculated 
using XCOM [4].
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to the binding energies of specific electron orbits in Cd, Zn and Te. For example the 
discontinuities at energies of 26.7 keV and 31.8 keV relate the the binding energies of 
the 7f-shells of Cd and Te. At incident photon energies greater than these energies it 
is possible for electrons to be emitted from these shells resulting in characteristic 
and K q fluorescence X-rays being emitted in the subsequent de-excitation process.
Element X ray Energy (keV) Asi(Afm) AcdZnTc(/^ni)
Si
1.74 1 . 2 N/A
1.87 0 . 1 N/A
Cd 23.18 N/A 116.726.10 N/A 160.6
Zn ATa 8.63 N/A 8.79.57 N/A 11.4
Te 27.47 N/A 67.031.00 N/A 91.6
Table 2.1: Attenuation lengths of A-shell fiuorescence X-rays in Si and CdZnTe, 
(values calculated from [4]).
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Figure 2.6; Schematic representation of the charge cloud evolution in a CdZnTe 
X-ray detector and the increase in the initial charge cloud size due to the creation 
of A-shell fluorescence X-rays.
Fluorescence X-rays have an effect on the recorded performance and properties of 
a pixelated radiation detector. When a fiuorescence X-ray is emitted it propagates 
an average distance equal to the attenuation length (A) of the X-ray in the detector 
material. As shown in table 2 . 1  the attenuation length of Cd and Te and X- 
rays is large in CdZnTe compared to the attenuation length of Si Ka and X-rays 
in silicon. This larger attenuation length will increase the initial charge cloud size
2.3 Semiconductor Band Structure 17
and result in a larger charge cloud size (see figure 2 . 6  for schematic of this process). 
This increased charge cloud size will result in more charge sharing between adjacent 
pixels which has a detrimental effect on the detector performance.
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Figure 2.7: Spectrum collected by a CdZnTe detector show the escape peaks at 
energies less than the incident photon energy of 40 keV.
The attenuation length of the fluorescence X-rays can also result in additional peaks 
being produced by a radiation detector. If the incident X-ray interacts at a position 
near the edge of the detector it is possible for the emitted fluorescence X-ray to 
escape the detector medium and subsequently not be collected. The escape of the 
photon results in peaks at an energy equal to the difference in the incident photon 
energy and the fluorescence X-ray energy. For example figure 2.7 shows a spectrum 
collected by a Redlen CdZnTe detector when a 40 keV X-ray beam was indecent on 
the detector. The photopeak is clearly seen at 40 keV, however there are peaks in 
the region of 9 - 18 keV which are due to the creation and subsequent escape of Cd 
and Te Ka and Kp X-rays.
2.3 Sem iconductor Band Structure
The crystalline structure of a material has a large effect on the properties of the 
material. At a temperature of 0 K  all the electrons inside a material will be bonded 
to the atoms on a crystal lattice site. In this situation the electrons are defined to 
be in the valence band of the material. If energy is transferred to the electrons it
" t t t
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is possible for them to break free from the lattice site and thus create an electron- 
hole pair which subsequently propagate through the material. The electrons in this 
situation are in the conduction band of the material and the holes remain in the 
valence band.
Figure 2.8: The Zinc Blende structure of the compound semiconductor ZnS [22].
The band gap of a material is the energy separation between the top of the valence 
band and the bottom of the conduction band of a material, which is determined by 
the crystalline structure of a material. For example CdTe has a crystalline structure 
of two inter penetrating face centred cubic (fee) latices one populated with Cd the 
other with Te. This crystalline structure is known as a ‘Zinc Blende Structure’ (see 
figure 2 .8 ) and results in periodic arrangement of atoms which subsequently creates 
the band gap of the material.
The band gap of a material can be classified in relation to the band structure of a 
material. Figure 2.9 shows the band diagram which is a plot of crystal momentum 
against energy of two different semiconductors. Figure 2.9(a) is a material which is 
known as a direct band gap material. In this case the top of the valence band and 
the bottom of the conduction band have the same momentum value. Therefore to 
create an electron-hole pair an electron in the valence band only needs to be given 
a very small amount of momentum.
However as shown in figure 2.9(b) for some materials the maximum energy of the
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Figure 2.9: Band structure of direct and indirect band gap materials [23].
valence band has a different value of momentum compared to the minimum energy of 
the conduction band. In this case for an electron-hole pair to be created the electron 
needs to interact with a photon to gain energy and also with a lattice vibration 
known as a phonon in order to gain or lose momentum. These interaction processes 
involved with the creation of electron-holes pairs takes longer for an indirect band 
gap material compared to a direct band gap material. This means direct band gap 
materials such as CdTe and CdZnTe are preferred as X-ray detector materials.
One way the band gap energy effects the properties of a detector is its effect on the 
thermal generation of the electron-hole pairs. The probability for an electron-hole 
pair to be created as a function of temperature (p(T)) is given by equation 2.8, [3]:
p(T) =  C T ' / " e x p
■E„
2kBT
(2 .8)
where T  is the absolute temperature, C is a material dependant constant, ks is 
Boltzmann’s constant and Eg is the band gap energy.
The number of thermally generated carriers is important for detectors as it has 
a significant effect on the bulk leakage current. As the band gap decreases the 
number of thermally generated carriers increases this effect in conjunction with a 
lower resistivity for smaller band gap materials results in a higher leakage current. 
This is an undesirable effect of small band gap materials which resulted in more
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research being undertaken on large band gap materials and there use as a radiation 
detector.
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Figure 2.10: The band gap of II/V I semiconductors as function of lattice constant
[24].
One major advantage of compound semiconductors like CdZnTe compared to ele­
mental semiconductors like silicon is that the material properties such as the band 
gap can be changed to fit industrial needs. At room temperature CdTe has a band 
gap of 1.51 eV which is determined by average inter-atomic spacing between the Cd 
and Te atoms. If a fraction (x) of the Cd atoms are replaced with Zn atoms the 
inter-atomic distance will decrease and therefore the band gap will increase. Figure 
2.10 shows a variety of different II/V I semiconductors and the effect the lattice con­
stant has on the room temperature band gap. For the specific case of Cdi_a;Zna;Te 
equation 2.9 can be used to calculate the band gap as a function of the blending 
fraction (x) of Zn [25].
=  (1.510 ±  0.005) +  (0.606 T  0.010) a: -k (0.139 ±  0.010) (2.9)
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2.4 Generation of Charge Carriers
When radiation enters a detector it results in the detector material becoming ionized. 
In the case of a direct band gap semiconductor material electrons are raised to 
the conduction band of a material and holes are left in the valence band, in the 
case of indirect semiconductors phonons are needed to change the momentum of 
the electrons making it possible for the electrons to be excited to the conduction 
band. The number of electron-hole pairs produced by the incoming radiation is 
dependent on a specific property of the material, the electron-hole pair creation 
energy otherwise known as the W-value. The W-value is the energy in eV required 
to create one electron-hole pair which is largely independent of the energy of the 
ionising radiation. Figure 2.11 shows a variety of materials and the relationship 
between the -value and the band gap of the material. It is shown that a large 
number of the materials lie on a line with the equation shown in the equation 2 . 1 0  
where the offset of the linear fit is due to the role of phonon’s in the creation of 
charge carriers. This means it is possible to calculate the IF -value of a material if 
its band gap is known.
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Figure 2.11: Electron-hole pair creation energy (IT-value) as a function of band gap 
for variety of different materials [24].
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W (ey) =  — +  0.606(ey) (2.10)
If the electron-hole pairs are created in the presence of an electric field they will drift 
towards their respective attracting electrodes. The drifting of the charge results in a 
current being induced on the electrode which can be integrated into a charge pulse. 
The resulting amplitude of the integrated charge will be therefore directly dependent 
on the IT-value of a material.
The number of electron-hole pairs N  created can be simply calculated using equation 
2.11. If it is assumed that the creation of each electron-hole pair is an independent 
event the process can be modelled with a Poisson distribution. This means the 
assumed variance (a^) of the number of electron-hole pairs created is defined in 
equation 2 .1 2 .
iV =  |  (2.11)
^  (2 .12)
However it is found that the creation of an electron-hole pair is not an independent 
event which results in a smaller variance [3]. Therefore a factor called the Fano 
factor (F) is introduced to relate the observed variance when all other sources of 
noise are removed and the assumed Poisson variance as shown in equation 2.13.
a 2 w (2.13)
2.5 The Shockley-Ramo Theorem
The common principle of any semiconductor radiation detector is tha t when ionizing 
radiation interacts with the detector material a number of electron-hole pairs are 
created. In the presence of an electric field these charge carriers drift towards their 
respective attracting electrodes. This drifting induces a current pulse which can be
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integrated in an external circuit to form a charge pulse which is proportional to the 
energy of the incident radiation.
In the 1930’s a theorem was developed independently by W.Shockley [26] and 
S.Ramo [27] to model the induction of charge in detectors with complex electrode 
geometries. The theory was initially formulated for vacuum tube geometries which 
was subsequently extended to semiconductor radiation detectors [28-30]. (A com­
prehensive summary of Shockley-Ramo theory is by Z.He [1 2 ]).
The Shockley-Ramo theorem states that the current (i) and the subsequent inte­
grated charge (Q) induced on an electrode by moving charge is given by:
i =  gV'Êo(x) (2.14)
Q =  -qA^o(x)  (2.15)
where v is the instantaneous velocity of charge q. 'ipo{x) and .^o(^) are the so called 
‘weighting potential’ and ‘weighting field’ at the position x of the moving charge 
where the weighting field is defined as:
(2 1 : 1
The weighting potential should not be confused with the electronic potential which 
describes the velocity and trajectory of the moving charge. The weighting potential 
represents the electrostatic coupling between moving charges and the induced charge 
on an electrode and is defined as “the potential at a position x when the selected 
electrode is at unit bias, 1 V, and all others are at 0 V” [12] and is dependent on 
the carrier motion and the electrode design.
The simplest example of a detector is to consider an intrinsic material (i.e. contains 
no space charge) between two infinitely large planar electrodes. As shown in figure 
2 .1 2 (b) the weighting potential is linear in nature from 0  at the cathode to 1  at the 
anode. As shown in equation 2.17 it is possible to calculate the charge induced on 
the anode when N  charge carriers have been created from the interaction of ionizing
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Figure 2.12: (a) Schematic of a simple radiation detector with infinite planar cath­
odes and (b) its resulting weighting potential for the anode [1 2 ].
radiation at a position Z  in figure 2.12(b).
Q =  -gA ^o(z)
=  - N e  [^o(O ) -  V'’o (^)]ho le  “  [ l^o (l)  -  '0o(^)]electroii
=  Ne (2.17)
Equation 2.17 shows that if the mean free path (A) of the charge carriers are long 
compared to the detector thickness the charge induced on the anode will be propor­
tional to the energy of the incident radiation. As shown in equation 2 . 1 1  this is due 
to the number of electron hole pairs created N  is proportional to the energy E.
For CdZnTe the mean free path of holes is much smaller compared to electrons 
which can result in the incomplete collection of the holes. As a result of this the 
charge on the planar anode will have a range of values as shown in equation 2.18. 
This will result in the induced charge not being proportional to the energy of the 
incident radiation and this will degrade the recorded detector performance.
(2.18)
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2.6 Single Charge Carrier Sensitive D etectors
As shown in figure 2.13(a) [31] the poor hole transport properties of CdZnTe and 
the resulting degradation in detector performance by “hole-tailing” is a low energy 
broadening of the photopeak. Many techniques have been utilized to account for the 
poor hole transport properties of CdZnTe. Pulse discrimination has been used to re­
move the slow pulses (trapped holes) from the resulting spectrum and therefore only 
the fast pulses (electron movement) are used [31-34]. As shown in figure 2.13(b) the 
recorded spectroscopic performance the detector improves compared to the spec­
trum without the rejection of slow pulses [31]. However the major disadvantage of 
this technique is that it is not fundamentally solving the issue of poor hole transport 
and results in a drop in efficiency which is undesirable for many applications.
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Figure 2.13: The effect the rejection of slow rise time pulses has on the recorded spec­
troscopic performance of a ^^^Cs spectrum taken by a 1.8 x 1.8 x 0.5 cm Cdo.gZno.iTe 
detector [31].
As a result of the poor hole transport much research has been undertaken on single 
charge carrier sensitive detectors. Through complex electrode designs the weighting 
potential can be modified so the detector is only sensitive to one charge carrier. 
One such example is a detector with a planar cathode and anode consisting of two 
C O - planar grids [35,36].
Figure 2.14(a) shows a schematic of a co-planar detector, if a small bias is applied 
across the two electrodes when charge is created the electrons will drift towards 
the grids and be collected by electrode 2 . As the electron charge cloud drifts it will
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Figure 2.14: (a) A schematic of a co-planar grid single charge carrier sensitive de­
tector, (b) the weighting field for the three electrodes. The subtracted signal from 
electrodes 2 and 3 is predominantly due to electron drift close to the coplanar an­
odes [37].
experience the weighting potentials of ^ 2  and (^ 3 . However if the difference in output 
of charge sensitive preamplifiers is calculated the resulting weighting potential will 
be — ys as shown in figure 2.14(b). In an ideal case where no electron trapping is 
present the resulting weighting potential will be zero until a region where the depth 
[z) is equal 1-P where P  is the period of the grids. As a result the final signal will 
be dominated by movement of charge in a region close to the anode i.e. the electron 
component.
However there are certain limitations of co-planar grid detectors. In some cases it is 
possible to result in a non-zero weighting potential across the device thus introducing 
the hole component into the final output. If the output of the two anode outputs are 
not accurately gain matched the subtraction of the outputs will result in a non-zero 
value. Furthermore in most cases electron trapping takes place which will also result 
in a non-zero weighting potential across the device [37]. It can also be challenging 
to fabricate large scale co-planar grid detectors, finally if the period (P) is small 
the capacitance and the resulting leakage current between the grids can be large 
resulting in a decrease in the signal-to-noise ratio [1 2 ].
Another example of single charge carrier sensitive detector is a drift strip/ring de­
tector [38,39]. Figure 2.15 shows a schematic of a drift strip detector. In between 
dashed lines A and B is  a single drift ring cell which consists of 9 separate strips.
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Figure 2.15: Schematic of drift strip detector. One detector cell is inbetween the 
dashed lines A and B. The strips are biased so as to focus electrons onto the collecting 
anode [38].
In the case of the detector used by Kuvvetli et.al. [38] the planar cathode was held 
at a bias of Vp =  —300 V and the central strip is the anode which is held at a bias 
0Î Va =  0 V. The remaining eight strips are the drift strips and are biased by a 
voltage divider where the bias applied to each strip is equal to 1^  =  • (Y4 ) where
i =  1,2,3,4. The resulting potential focuses the electrons onto the central anode 
and makes the detector only sensitive to the motion of electrons. A more compre­
hensive review of co-planar grids, drift strip detectors and other single charge carrier 
sensitive devices can be found in [12].
Another example of a single carrier sensitive device is one with a planar cathode 
and an anode with an array of pixels [11]. These small pixel detectors are of interest 
for this thesis and will be explained in the next section.
2.6.1 P ixelated  CdZnTe R adiation D etectors
Figure 2.16(a) is a schematic of a detector of a thickness T  with a planar cathode 
electrode and anode of pixels with a width e. If the movement of generated charge 
carriers is read out from pixel 1 the weighting potential as seen by the electrons 
created at point A is shown in figure 2.16(b).
The weighting potential shown in figure 2.16(b) has the property of being almost 
0 until in the vicinity of the pixel where it increases dramatically up to a value 
of 1. For example if ionising radiation enters the detector so that charge carriers
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Figure 2.16: (a) Schematic of a pixelated radiation detector and (b) its resulting 
weighting potential for signal read from pixel 1 [3].
are created at point A in figure 2.16(a) the electrons and holes will drift and be 
collected by pixel 1 and the planar cathode respectively. As previously explained in 
section 2.5 the charge induced on an electrode is proportional to the change in the 
weighting potential. Therefore when the charge is created at point A the change in 
weighting potential between point A and the collecting electrode will be negligible 
for the holes and therefore the subsequent signal generated on pixel 1 is dominated 
by the motion of the electrons.
The increased gradient in the weighting potential shown in figure 2.16(b) can be 
heightened by making the pixel width e smaller compared to the detector thickness 
T. As shown in figure 2.17 as the value of the pixel width divided by the detector 
thickness (^/r) decreases the gradient of the weighting potential in the vicinity of 
the pixel increases. This is known as the ‘small pixel effect’.
The detector array used in the project has a pixel size of 200 /im and a detector 
thickness of 2  mm. As a result the ^/t value of the array is 0.1. This means the 
weighting potential of the pixel array will be similar to the one shown in figure 2.17. 
This means the ‘small pixel effect’ will have a significant effect on the performance 
of the CdZnTe pixelated detector.
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Figure 2.17; Weighting potential as read from a pixel for varying values of ^/t 
showing the result of the ‘small pixel effect’ [3].
2.6.2 Charge Sharing B etw een A djacent P ixels
A major limiting factor of pixelated radiation detectors is that it is possible that 
charge can be induced on more than one pixel. To understand how this phenomena 
takes place a more detailed explanation of how charge clouds propagate and evolve 
as they move across the detector must be undertaken.
As previously explained in section 2.4 when an X-ray interacts with the detector 
material, electron and hole charge clouds are created with an initial width equal to 
the propagation length of the electrons and holes, (10 fim at 40 keV [20,40]). The 
initial charge cloud size can also be increased by the creation and propagation of 
Auger electrons and fluorescence X-rays at incident energies greater than the K-  
shell absorption energy of the detector materials. In the presence of an electric field 
the charge clouds will propagate to the respective attracting electrodes. During 
this propagation the charge clouds will diffuse parallel and perpendicular to the 
propagation direction which have different effects on the resulting signal generated 
on the collecting electrode.
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The parallel diffusion primarily has an effect on the rise time of the signal generated 
on the collecting electrode [13]. The perpendicular diffusion has a large effect on 
the probability that charge will be induced on more than one pixel. It is possible 
to model the diffusion perpendicular to the propagation direction with a Gaussian 
distribution. This means the charge cloud radius as a function of detector bias can 
be calculated as follows:
r =  1.15c =  1.15
eC
(2.19)
where r  is the charge cloud radius, d is the drift distance of the charge cloud, D  is 
the detector width, ks  is Boltzmann’s constant, T  is the absolute temperature, e is 
the electronic charge and V  is the detector bias [41]. For the detector array used in 
this project the resulting charge cloud radius is r =  29.5 jum at a detector biases of 
-300 V and r  =  51 jum at a detector bias of -100 V [4].
When the charge cloud diameter is comparable to the pixel size the charge cloud 
can induce a signal on more than one pixel. As a result the signal amplitude cor­
responding to a full energy event will be shared between adjacent pixels and thus 
decreasing the resolution of the detector. This can be corrected by summing the 
resulting signals from adjacent pixels [15,16].
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Figure 2.18: (a) Schematic of a pixelated radiation detector, (b) weighting potential 
of pixels which are adjacent to the main collecting pixel [3].
There is a second and subtlety different way to induce a signal on more than one
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pixel from an interaction of radiation with a detector. Imagine the scenario that 
N  electron-hole pairs are created at point C which is very near the cathode and in 
line with pixel 2 on figure 2.18(a). The electrons created by the interaction of the 
radiation with the detector will follow the actual electric field lines and be collected 
by pixel 2 .
However as the electron charge cloud propagates across the device it is possible to 
induce a transient current pulse on an adjacent pixel. Figure 2.18(b) is weighting 
potential of a pixel which is adjacent to the collecting pixel. As the charge cloud 
propagates across the device a current pulse is induced on both pixels (see figure 
2.19) where the pulse induced on the neighbouring pixel is bipolar in nature. When 
the current pulses are integrated the induced charge is measured, thus when the 
current pulse induced on the neighbouring pixel is integrated the total collected 
charge is zero but a pulse is still induced on the pixel.
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Figure 2.19: Schematics of the current pulses induced on the main collecting pixel 
and an adjacent pixel which results in zero net charge and a transient current pulse 
is induced on the collecting pixel.
An example of a transient pulse can be seen in figure 2.20 which shows the interaction 
of a 78 keV X-ray (generated by the 115 beam line at the diamond light source) with 
one pixel and the subsequent transient pulse induced on a neighbouring pixel. The 
peaking time when the maximum charge is measured for each pulse is shown in table 
2 .2 . It is found that the transient charge pulse reduces to zero over the time scale
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when the main pixel increases. Thus the measured total collected charge will not 
be effected by the creation of the transient signal on the adjacent pixel.
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Figure 2.20: Example of transient pulse being generated on a neighbouring pixel. A 
78 keV X-ray is collected by a pixel (blue pulse) and a transient pulse is subsequently 
induced on a neighbouring pixel (red pulse).
Pixel Peak Time (fis)
Main Pixel 1.07
Neighbouring Pixel T92
Table 2.2: Peaking time of the pulses shown in figure 2.20 showing that the transient 
pulse evolves and drops to zero over the time when the main pixel pulse is generated.
Chapter 3 
Experim ental Setup and 
Apparatus
This chapter will discuss the experimental apparatus and procedures used in this 
project. Initially a brief overview of how gold contacts are fabricated on the CdZnTe 
material will be given. Furthermore the equipment used to characterise the CdZnTe 
material before and after the fabrication of the gold pixels will be described. Discus­
sions regarding the PIXIE ASIC and digital pulse processing procedure used in this 
project will be undertaken. Finally the experimental setup used on the 115 beamline 
at the Diamond Light Source to investigate charge sharing in pixelated detectors 
will be explained.
3.1 Fabrication of CdZnTe D etectors
A photolithography process is used to fabricate gold pixel contacts onto the CdZnTe 
sample [42]. Initially the sample has undergone a mechanical polishing and chemical 
etching procedure. The sample is mechanically polished with a 3 fim Silicon-Carbide 
pre-prepared slurry then 0.3 fim and 0.05 /im Aluminium Oxide powders are mixed 
separately with de-ionized water to create a slurry. This results in the sample having 
a near mirror finish. Further chemical etching is undertaken in a Bromine (0.05 %) 
Methanol (99.95 %) solution for 60 s and is then finally placed in Isopropranol and
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Methanol washes [43]. Once this procedure has been completed the gold contacts 
can be fabricated onto the prepared CdZnTe sample.
Photoresist 
Substrate (SiOJ 
Substrate (Si) Coat, Soflbake
Standard
Crosslinked Photoresist
Develop
Expose
Lift-Off
Crosslinked Photoresist
^  Develop
UV Flood Exposure
(optional)
Metall
P>rr:i:rz::r52:rgzzi;^ hj:^
Etch
Removal
PVD
Lift-Off
Figure 3.1: Process flow for the creation of gold contact on a CdZnTe sample via 
the use of ma-N-410 negative photoresist [44].
The photolithography process is shown in figure 3.1. Initially ma-N-410 negative 
Photoresist [44] is pipetted on top of the sample. The sample is then placed in the 
centre of a spinner and is attached firmly to the spindle by the use of an external 
vacuum pump. The sample is then spun for 30 s at 500 rpm and 30 s at 3500 rpm 
resulting in a ~  1 /im film on top of the sample. The sample is then prebaked for 
1 2 0  so n  a hotplate set at temperature of 95 °C.
To create the desired pattern the sample is placed in a mask aligner. The sample is 
placed accurately under the desired pattern by the use of a microscope and moving 
sample in the all directions via use of stage tha t can be moved in distances on a 
micron scale. Once the sample is accurately under the pattern the sample is exposed 
to UV light for 120 s. The sample is then placed in developer for 60 s and de-ionized 
water for 1 2 0  s to stop the reaction.
As shown in figure 3.1 the areas which are not covered by the mask the photore-
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sist reacts with UV light and become insoluble to the developer. This results in 
photoresist only being present on the sample where the contacts are not to be fabri­
cated. Figure 3.2 shows an example of a daisy chain test structure after developing. 
As shown in the figure the photolithography process makes it possible to fabricate 
structures on a micron scale.
2 5  u r n
Figure 3.2: High resolution picture of Si sample with daisy chain test structure 
developed onto the sample before sputtering of gold contacts.
□
Figure 3.3: Gold test structure after sputtering of gold contacts on Si sample.
To create the gold contacts a physical vapour deposition process is undertaken via 
the use of a sputterer. A gold target has a current of 65 mA passed through it 
resulting in the target becoming a plasma which then makes it possible for gold ions 
to be ejected from the target onto the sample. If the CdZnTe is placed directly
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under the target under vacuum the gold ions can be deposited on top of the sample. 
An onboard Film Thickness Monitor (FTM) is then used to measure the thickness 
of gold deposited on the sample. The sample is then placed in photoresist remover 
to carry out a lift-off process of the remaining photoresist. This results in gold only 
being present where the gold pixels should be as shown in figure 3.3.
3.2 Surface Characterisation M ethods
Before the fabrication of gold contacts it is desirable to perform metrology studies 
on the CdZnTe sample. To carry these investigations out a Zygo New view 200 non- 
contact optical profiler was used. Furthermore the Zygo and a scanning electron 
microscope was used to characterize the gold pixels after fabrication.
3.2.1 Zygo N ew view  200
The Zygo Newview 200 is a non-contact optical profiler based at the Innovations 
Technology Access Centre (ITAC) at the Rutherford Appleton Laboratory. Figure 
3.4(a) is a photo of the Zygo system, it consists of the microscope and external PC 
installed with the controlling software. The Zygo has a motorized stage where the 
sample is placed which can be moved in the X, T, Z  and B directions.
Figure 3.4(b) is a schematic of how the Zygo works. A white light source is divided 
into two, directing one onto the sample and one onto an internal reference. Once 
the light reflects off the sample surface the light will be out of phase with the light 
collected at the internal reference due to surface irregularities of the sample. This 
means the subsequent interference fringes can be used to characterize the detector 
sample.
The Zygo was operated in a stitching mode and the macroscopic curvature of the de­
vice was measured. This curvature is important when mounting the final fabricated 
detector to an ASIC. The Zygo also has the ability to work in higher magnification 
mode where the surface roughness and the characterization of the fabricated gold 
pixels can be carried out.
i
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Figure 3.4: Photo and schematic of the non-contact Zygo Newview 200 optical 
profiler.
3.2.2 Scanning E lectron M icroscope (SEM )
A Scanning Electron Microscope (SEM) was used to characterize the gold pixels 
fabricated onto the CdZnTe sample. An SEM is a type of electron microscope that 
produces images of a sample by scanning it with a focused beam of electrons. When 
the focused electron beam interacts with electrons inside the sample the energy 
transfer can result in the emission of electrons via elastic and inelastic scattering 
and the emission of X-rays. The detection of these electrons and X-rays can then 
be used to create a highly magnified image of the sample. The SEM in this study 
was operated at a magnification of 1000 and 6000 times. This made it possible to 
investigate a whole gold pixel and the subsequent edge of that pixel. This was then 
used to support the data recorded and analysed on the Zygo Newiview 200 optical 
profiler.
3.3 PIXIE ASIC and Readout System
An Application Specific Integrated Circuit (ASIC) has been developed by the Ruther­
ford Appleton Laboratory to investigate the small pixel effect and charge sharing in
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spectroscopic CdTe and CdZnTe pixelated radiation detectors [17,18]. The PIXIE 
ASIC has dimensions of 3.7 x 2.7 mm (see figure 3.5(a)) which can be bonded to a 
single X-ray detector fabricated from CdTe or CdZnTe. As shown in figure 3.5(b) 
the anode geometry of the resulting X-ray detector consists of four 3 x 3  pixel arrays 
with different pixel geometries (see table 3.1).
l a y
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(a) PIXIE ASIC (b) Geometry of the pixel arrays
Figure 3.5: Picture of the PIXIE ASIC and the geometry of the pixel arrays for the 
PIXIE detectors used in this thesis.
Array
Number
Pixel Pitch 
(/im)
Pixel Gap 
(/zm)
Steering Grid 
(Yes/No)
Position in 
Figure 3.5(b)
1 250 75 Yes Top Right
2 250 75 No Bottom Right
3 250 50 No Bottom Left
4 500 150 Yes* Top Left
Table 3.1: The dimensions of the four different PIXIE arrays shown in figure 3.5. * 
Array 4 only has steering grid round four pixels.
Figure 3.6 shows the active circuitry attributed to each pixel of the PIXIE ASIC. 
The circuitry consists of a non-shaping charge sensitive preamplifier and an output 
buffer which is then multiplexed directly off the ASIC. Each pixel also has a feedback 
circuit which provides detector leakage current immunity up to a value 250 pA per
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pixel. Furthermore the central pixel of each array also contains a calibration circuit 
which has the ability to pass a puiser signal through the preamplifier of the pixel. 
This gives the capability to measure the noise performance of the PIXIE ASIC. 
The PIXIE ASIC has two selectable gain modes which is selected by 1 -bit digital 
input. The high gain mode is sensitive to incident X-ray energies up 150 keV, a low 
gain mode is also available which is sensitive to incident X-ray energies of up to 1.5 
MeV.
Only the centre pixel of each 
array of 9 pixels contains the 
calibration circuit
7 ,51
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Figure 3.6: Block diagram of the individual pixel electronics.
The outputs of the nine pixels from the four arrays are multiplexed onto a 9-track 
analogue bus which are then driven off the chip by the output buffers. The array of 
interest is selected with a 2-bit digital input. The nine pixels of the selected array 
are then read off simultaneously allowing for detailed analysis of the pulse shapes 
generated by the pixel preamplifiers.
The use of the PIXIE ASIC has certain advantageous properties. The use of the 
ASIC makes it possible to investigate all the pulse waveforms generated by each 
pixel separately. Furthermore being able to mount the detector material directly to 
the PIXIE ASIC and reading off the raw preamplfier pulse shapes reduces the need
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for extra equipment which can result in an increase in the measured noise. Finally 
the PIXIE ASIC has four different pixels geometries. This means that a wide variety 
of pixel geometries can be investigated on the same detector material. As a result 
of this it removes the potential for variations in material properties from crystal to 
crystal.
To read out the signals generated by a CdTe/CdZnTe detector mounted to the 
PIXIE ASIC a readout system was developed. A 23 x 20 x 1 1  cm diecast aluminium 
box was fitted with a variety of different sockets (see figure 3.7). The PIXIE ASIC is 
mounted to a custom made circuit board which has a variety of plugs and jumpers to 
control the PIXIE ASIC and to supply and receive the inputs and outputs from the 
detector. The board is screwed securely in place so to protect the PIXIE detector.
Figure 3.7: Photo of PIXIE ASIC readout system.
On the right side of the box shown in figure 3.7 there are a variety of sockets relating 
to the inputs to be supplied to the PIXIE ASIC and CdTe/CdZnTe detector. From 
top to bottom there are two male super high voltage (SHV) sockets which are used 
to supply bias to the detector and the interpixel steering grids. The detector bias is 
supplied to the detector via a short female Bayonet Neill Concelman (BNC) cable 
which plugs into an on board male BNC socket. Three, 4 mm panel sockets are 
used to supply 3.3 V to power the PIXIE ASIC, to connect the ASIC to ground 
and to supply 2.0 V to the pixel preamplifiers. Two further panel sockets are used
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to measure the resistance across the onboard PT 100 thermistor which will give 
accurate values of the temperature of the system. Finally a BNC socket is used to 
supply test pulses to the central pixel calibration circuit. The output of the BNC 
socket is passed to the onboard male micro coaxial (MCX) socket via a flying MCX 
lead.
On the left hand side are nine BNC sockets which are used to receive the outputs 
from the nine pixels of the selected array. Flying MCX leads are used to transfer 
the outputs to the BNC socket which are then fed into the digital data acquisition 
system explained in the next section.
3.4 XIA DG F-Pixie-4: D igital D ata Acquisition  
System
The preamplifier signal generated by the non-shaping charge sensitive preamplifier 
for each pixel can be processed in a variety of ways. One way to process and 
subsequently analyse the pulses is via the use of a digital data acquisition system 
(DAQ) like the XIA DCF-Pixie-4 Camma Finder [45,46].
Figure 3.8: Photo of the XIA DCF-Pixie-4 system.
The Pixie-4 system consists of chassis (shown in figure 3.8) containing a compact 
PXI computer and three four channel Pixie-4 modules which are synchronized to 
share the same trigger. Initially the outputs from all nine pixels are fed into separate
%
L@r 423.5 Lab VIEW Digital Pulse Processing Analysis Software
%
channels via BNC-SMA cables and then undergo the procedure shown in figure 3.9. 
Firstly the signals generated by the PIXIE ASIC are adjusted for gains and offsets, 
and then are digitized at a rate of 75 MHz with a 14-bit Analogue-to-Digital Con­
verter (ADC). After digital pulse triggering, pile-up inspection and a trapezoidal 
energy filter are implemented in a Field Programmable Gate Array (FPGA). The 
values relating to the trigger, pile-up inspection and the energy filter are inputted 
by the user via Igor pro software installed on the compact PXI computer.
If a valid event is detected a Digital Signal Processor (DSP) constructs a Multi- 
Channel Analyser (MCA) spectrum from the pulse height of the trapezoidal filter. 
Furthermore it is possible for the user to record the raw digitized pulse shapes in a 
list mode run format. These raw pulse shapes can then be analysed offline with a 
bespoke piece made of Lab VIEW software explained in section 3.5.
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Figure 3.9: Block diagram of the XIA DGF-Pixie-4 spectrometer [46].
3.5 Lab VIEW  D igital Pulse Processing A nalysis
Software
A piece of Lab VIEW software has been developed to analyse the pulse shape list 
mode file collected by the Pixie-4 system when a detector is mounted to the PIXIE 
ASIC and used in the system explained in section 3.3. The list mode file created 
by the DSP is saved and read into the Lab VIEW software on an event by event 
basis the pulse shapes are read and analysed. For example figure 3.10 shows the
3.5 Lab VIEW Digital Pulse Processing Analysis Software 43
pulses generated by the Pixie-4 system for a 59.5 keV gamma ray from ^^^Am being 
collected by pixel 5 of a Redlen CdZnTe PIXIE detector.
W! CH2 ^ CH3 iSCO-
3500-' 3500-',
CH6 7500-
CH8 7500- CH9 7590-
2  ifiCD-
Figure 3.10: Pulses generated by the interaction of 60 keV X-ray with pixel 5 of a 
Redlen CdZnTe detector. The pulses are recorded by the Pixie-4 DAQ system and 
processed with the Lab VIEW software.
3.5.1 CR-(RC)^ D igital P ulse Shaping
When using electric circuits RC shaping refers to the use of resistor (R) and capacitor 
(C) networks to alter a pulse shape. When using pulses created by a detector like 
the ones shown in figure 3.10 undergo shaping the orientation of the capacitor and 
resistor effects the final pulse shape. Furthermore the shaping has an effect on 
attenuating different parts of frequency noise. For both CR and RC networks the 
time constant r  is given by:
(3.1)
where R and C are the resistance and capacitance of the electronic pulse shaping
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circuit.
A sketch of a CR differentiator network is shown in figure 3.11. The network is 
known as a differentiator network as when it is applied to an input voltage (Vin) and 
the time constant is sufficiently small the output voltage Vout is the time differential 
of the input voltage as shown in equation 3.2. A CR network can also be known 
as a high pass filter. This is due to when the filter is applied to a pulse the low 
frequency noise is attenuated and not passed through the filter.
(3.2)
(a) CR network circuit
0 t
(b) Input step function
0
(c) Resulting output of CR network acting on 
step function
Figure 3.11: CR high pass filter or differentiator network and its effect on a step 
function input [3]
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Conversely a sketch of a RC network is shown in figure 3.12. The output of a pulse 
when entered into the circuit when the time constant is sufficiently small has the 
form shown in equation 3.3 hence the name of an integrator circuit. Furthermore 
when the circuit is applied to an input pulse the high frequency noise is filtered 
hence the alternate name of a low pass filter.
out ~  f  V ind t (3.3)
(a) RC network circuit (b) Input step function
0
(c) Resulting output of RC network acting on 
step function
Figure 3.12: RC high pass filter or differentiator network and its effect on a step 
function input [3]
Both CR and RC networks can be applied digitally by performing numerical dif­
ferentiation and integration on a pulse. The Lab VIEW software has the ability
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Figure 3.13: Output of CR-(RC)" shaper when applied to the pulse shapes shown 
in figure 3.10.
to perform a differentiation CR step and n, RC integration steps which results in 
the output voltage having the equation shown in equation 3.4. The resulting pulse 
shape is semi-Gaussian in nature and results in an increase in the signal-to-noise 
ratio as both low and high frequency noise has been filtered out. The parameters 
governing the CR-(RC)" shaper are the number of steps of integration, n, and the 
time constant r . The values for the shaper are optimised to be n =  4 and r  — 0.5 {is 
(see section 4.2.1.1 for the optimisation process). The resulting output of the shaper 
can be seen in figure 3.13, which is the output resulting from the digital shaping of 
the pulses shown in figure 3.10.
v„,,t =  %  I -
ni
(3.4)
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3.5.2 P ixe l Spectra G eneration
Once all the pulses collected for a specific event have been CR-(RC)^ shaped it is 
possible to create a MCA spectrum for each pixel. On an event by event basis 
the amplitude (A) of the shaped pulse is measured by the software. The software 
converts the amplitude to a channel number {Ch) by using equation 3.5 where Max 
A and Nch are user defined values for the maximum amplitude of the shaper and 
the number of channels.
Prom this it is possible to create the spectrum collected by each pixel for a recorded 
data set. For example figure 3.14(a) shows spectra collected by each pixel of array 
4 of a Redlen CdZnTe PIXIE detector when a irradiated by “^^^Am source. It is 
possible to save the spectrum generated by each pixel in a text file to perform 
further analysis such as spectroscopy measurements (see section 4.2.1).
It is possible to convert the channel number generated by equation 3.5 to the energy 
collected by the pixel. This is achieved firstly by creating a calibration curve for 
each pixel. A plot of the recorded channel number against the incident X-ray energy 
results in a straight line. The resulting line of best fit can be used to convert the 
calculated channel number to collected energy in keV by using equation 3.6 where 
gain {G) and offset(O) are the gradient and y-intercept of the calibration curve 
respectively. Once the channel numbers have been converted to energy the single 
pixel spectrum can be plotted as function of energy as shown in figure 3.14(b).
== ((2 ' CVi)-F O (3.6)
3.5.3 Event C lassification and Sum  Spectrum  G eneration
The Lab VIEW software measures the charge collected at each pixel in an event and 
covert this to a channel number. For each event if the calculated channel number 
for a pixel is above a user defined threshold it is classified as a hit, furthermore
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Figure 3.14: Spectrum recorded by each pixel when a Redlen CdZnTe PIXIE de­
tector was irradiated by a source. Spectra in (b) have been calibrated using
equation 3.6. It should be noted there is no recorded spectrum by pixel 1 as it is 
used to supply the bias to the guard ring of the detector.
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the number of hits per event is known as the event multiplicity (m). The software 
outputs the hit pattern and multiplicity results for a set of events in two graphs 
shown in figure 3.15. The left hand graph is number of events recorded for each 
multiplicity value, the right hand graph is number of hits on each pixel for a data 
set. It is also possible to save the graphs in text file format for further analysis.
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Figure 3.15: The multiplicity and hit pattern graphs generated by the Lab VIEW 
software when array 4 of the Redlen PIXIE detector was irradiated by a ^^^Am 
source.
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Figure 3.16: Sum spectrum generated by the Lab VIEW software. Array 4 of the 
Redlen PIXIE detector was irradiated by a ^^^Am source.
After classifying the multiplicity of each event it is possible to create a sum spectrum.
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For each event the sum of the calculated channel numbers for pixels which are 
classified as a hit are summed together. This results in the spectrum shown in figure 
3.16. This means it is possible to compensate for charge sharing between adjacent 
pixels. Furthermore the software has the ability to gate on a specific region of the 
sum spectrum thus making it possible to calculate the hit pattern and multiplicity 
graphs at a specific energy.
3.6 Focused X-ray Beam line Studies
The 115 extreme conditions beamline at the Diamond Light Source was used to 
perform focused X-ray beam studies on a Redlen CdZnTe PIXIE detector. Line 
scans were performed between adjacent pixels so as to be able to investigate a wide 
range of effects.
Figure 3.17 shows a photo of the experimental setup used at the Diamond Light 
Source. The diecast aluminium box containing the Redlen PIXIE detector was 
attached to a motorized stage which could be moved in three dimensions using the 
software installed outside the target chamber. The focused X-ray beam entered the 
aluminium box through a Mylar window which meant it was possible to collect data 
with the lid of the box firmly attached without scattering the X-ray beam in the 
aluminium lid. The bias supplies for the detector and the bias’s relating to the 
ASIC were based inside the target chamber. The Pixie-4 system was also based 
inside the target chamber which collected the data. Three meter monitor, keyboard 
and mouse extension cables were used so to make it possible to control the Pixie-4 
system outside the target chamber.
To find array 3 of the PIXIE detector the detector was irradiated with a 26 keV 
X-ray beam attenuated with 9 cm A1 and focused to a spot size of 2 mm. The 
spot was moved in 50 fim steps across where the array was thought to be and the 
counts/second recorded by pixel 5 (centre pixel) was recorded. Once the first rough 
approximation of where the array was completed three line scans was carried out 
with a 20 fim spot to find the centre of pixel 5 (for more in depth analysis see section
t3.6 Focused X-ray Beamline Studies 51
Figure 3.17: Photo of experimental setup used on the 115 beamline at the Diamond 
Light Source.
5.1).
Once the centre of pixel 5 was found the detector was held at a bias of -300 V 
and line scans were carried out between the centre of pixel 5 and 4 in 20 /rm steps 
with the X-ray beam collimated by a pinhole to a mean diameter of 20 /im. X- 
ray beam energies of 26 keV and 40 keV were used to investigate how incident 
X-ray energies above and below the A-shell absorption energies of Cd and Te effect 
the detector response. To protect the PIXIE ASIC and CdZnTe detector before 
collimation the 26 keV and 40 keV X-ray beams were attenuated with 1.5 cm and 5 
cm aluminium respectively. This resulted in 99.95 % of the X-ray being attenuated 
by the aluminium [4]. Eurther line scans were carried out at a X-ray beam energy of 
40 keV and detector biases of -100 V and -300 V to see the effect detector bias has 
on detector response. At each point on the line scans list mode files were created 
which were analysed offline with the dedicated Lab VIEW software.
Example of a spectrum collected when the 26 keV beam was incident on the centre 
of pixel 5 is shown in figure 3.18. It clearly shows the 26 keV photopeak and a series 
of further peaks. These are the result of the interaction of the third and fourth 
harmonics of the beam line with the detector material. These peaks were also used 
to investigate properties of the Redlen CdZnTe pixelated radiation detector.
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Figure 3.18: Spectrum recorded by pixel 5 when the 26 keV beam was incident 
on the centre of the pixel. Spectrum clearly shows the 26 keV photopeak and the 
detection of 78 keV and 104 keV third and fourth harmonics of the beam. No second 
harmonic is ibserved due to the properties of the monochromator.
For the complete analysis of the data collected at the Diamond Light Source refer 
to section 5 of this thesis.
Chapter 4 
CdZnTe D etector M etrology and 
Spectroscopy
CdZnTe is an attractive alternative semiconductor radiation detector. Its large 
band gap energy and high Z  number are desirable properties. However its poor hole 
transport properties can have a significant eflPect on the performance of the detector. 
The use of a single charge carrier sensitive electrode design such as a pixelated anode 
can correct for the poor hole transport properties. This chapter will involve detailed 
discussions on a variety of effects relating to pixelated CdZnTe radiation detectors. 
As previously explained in section 3.1 a fabrication process must be undertaken to 
create gold pixels on a CdZnTe sample. Once the gold pixels have been fabricated 
and Indium bump bonding procedure must undertaken to connect the detector to 
an ASIC such as the PIXIE ASIC or the Medipix ASIC. It is therefore desirable to 
characterise the material properties and the gold pixels before any interesting effects 
can be investigated. Therefore a metrology study of a CdZnTe Medipix detector was 
carried out. A 2 mm thick Medipix detector was characterised which has an anode 
of a 128 X 128 pixel array with the pixels on a 110 /rm pitch. Investigations into the 
macroscopic curvature of the material was carried out with a non contact optical 
profiler (Zygo Newview 200). The optical profiler was also used to perform micro­
scopic studies of the surface roughness of the CdZnTe sample and the fabricated 
gold pixels. A scanning electron microscope was also used to characterize the gold
53
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pixels to support the data from the Zygo.
The second section of this chapter is an extensive investigation into the properties of 
a Redlen CdZnTe detector mounted to the PIXIE ASIC. Multiple radiation sources 
were used to carry out an X-ray and 7 -ray spectroscopy study of the detector. The 
Lab VIEW software wrote to analyse data taken from the PIXIE chip was optimised. 
Then studies into single and multiple pixel effects in pixelated CdZnTe radiation 
detectors was undertaken.
4.1 M etrology Studies of a CdZnTe M edipix D e­
tector
A macroscopic and microscopic study of a 15 x 15 x 2 mm CdZnTe Medipix [47] 
detector fabricated by the University of Freiberg was undertaken at the surface 
characterisation laboratories at Rutherford Appleton Laboratory (RAL) and the 
Material Science Department at the University of Surrey. The aim of this study was 
to provide information on the detector so a successful Indium (In) bump bonding 
procedure [48] can be undertaken at RAL resulting in an experimental campaign at 
the Diamond Light Source. A study on the macroscopic curvature of the device was 
undertaken which then developed into a study of the microscopic properties of the 
gold pixels and the surface roughness of the detector material.
4.1.1 Curvature of CdZnTe m aterial
The macroscopic curvature of the device is of interest for the In bump bonding 
procedure. To bond the detector to the Medipix III ASIC 16 /rm - 20 /rm diameter 
In bumps are fabricated on to the ASIC which are then used to create an electronic 
connection between the ASIC and the gold pixels fabricated to the detector material. 
The curvature of the device is therefore important as if it is too large some pixels 
may not connect to ASIC resulting in dead areas of the detector.
To measure the curvature a non-contact optical profiler called a Zygo was used (see
4.1 Metrology Studies of a CdZnTe Medipix Detector 55
Line Scan Height of Curvature (/rm)
Diagonal Red Profile =  16.41 
Blue Profile =  18.51
Vertical 8.77
Horizontal 6.31
Table 4.1; Height of curvature for the surface profiles shown in figures 4.2-4.4.
section 3.2.1). Due to the large surface area of the detector the Zygo was run in a 
stitching mode resulting in 20 data sets being recorded and stitched together. Figure
4.1 is an oblique plot of the resulting from the stitching of the data sets. It clearly 
shows curvature across the detector material. To quantify this curvature line scans 
were carried out diagonally, vertically and horizontally through the centre of the 
detector material (see figures 4.2-4.4).
*4 98713
m
.15 73338 
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Figure 4.1: Macroscopic curvature of the CdZnTe Medipix detector.
Table 4.1 shows difference in the maximum and minimum height for the line scans 
shown in figures 4.2-4.4. There is a large amount of curvature compared to the 
typical curvature of an ASIC like a Medipix ASIC (± l//m ) [49]. This large amount 
of curvature will have a significant effect on the successful bonding of the detector 
to the Medipix ASIC. As previously explained the typical height of an In bump 
fabricated to a pixel of the Medipix ASIC is of the order of 16 - 20 jim. Therefore 
the significant curvature could result in pixels being lost in the corners of the device 
resulting in dead areas of the detector.
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Figure 4.2: Diagonal line scan through centre of sample. The red and blue profiles 
are top left to bottom right corner and top right to bottom left corner respectively.
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Figure 4.3: Vertical line scan through centre of the sample.
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Figure 4.4: Horizontal line scan through centre of the sample.
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4.1.2 Surface R oughness of the Bare CdZnTe M aterial
The average roughness of the bare CdZnTe was also measured. A line scan was 
taken in the interpixel region resulting in the profile shown in figure 4.5. The surface 
roughness of the device is of interest as it may have an effect on the performance of 
the contact between the ASIC and the detector material. Furthermore the contact 
between the CdZnTe material and the gold pixel may be effected by the surface 
roughness.
0.02
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0.01
- 0.02
D is ta n c e  (jim )
Figure 4.5: Profile of bare CdZnTe material with a calculated Ra value of 6.56 nm.
A common parameter to quantify the surface roughness of a material is the arith­
metic average deviation from the mean line of the profile which is known as the 
Ra value. Equation 4.1 can be used to calculate Ra value where yi is the vertical 
distance from the mean line to the data point and n is the number of points on 
the line scan. The Ra value of the profile shown in figure 4.5 is found to be 6.56 nm.
(4.1)
The surface roughness of a gold pixel was also measured to quantify the effect the 
fabrication of gold pixels has on the recorded surface roughness. Figure 4.6 shows 
the measured surface profile of a gold pixel. The calculated Ra value for the profile 
is 4.81 nm which is 1.75 nm less than the bare CdZnTe material. This surface 
roughness is sufficiently small that it will have little to no effect on the In bump 
bonding procedure. This is because the height of the In fabricated onto the CdZnTe 
is an order of magnitude bigger than the average roughness.
4.1 Metrology Studies of a CdZnTe Medipix Detector
0.27
3  0.26
0.25  S u rfa c e  p ro f i le
 M ean  L in e
0.24
10 15 20
D is ta n c e  (pm )
350 25 30 40
Figure 4.6; Profile of gold pixel with a calculated Ra value of 4.81 nm.
4.1.3 Gold P ixel C haracterisation
A microscopic study of multiple single gold pixels fabricated to the CdZnTe was 
carried out with the Zygo in a high magnification mode. Figure 4.7 shows 3D plots 
of a variety of pixels and interpixel regions. The pixels were found to be 80 x 80 ^m 
with a 30 iim gap which was to be expected. It is found that the Zygo measured 
an increase in the gold pixel height on two of the edges of the pixels. The same two 
edges of the pisels showed the increased pixel height in this orientation the right 
hand and bottom edges showed increased height. To investigate this property a line 
scan was carried out horizontally across the pixel shown in figure 4.7(b).
Figure 4.8 shows the line scan across the pixel. The profile shows the gold pixel with 
a height of 260 nm and the increased gold height on the right hand side. The spike 
due to the increased gold is 154 nm higher than the pixel surface. To investigate 
whether the increased gold was an actual property of the detector or an artefact 
of the Zygo the sample was analysed using a Scanning Electron Microscope (SEM) 
(see section 3.2.2 for full description of equipment).
Eigure 4.9 shows a SEM image of two different gold pixels. Figure 4.9(a) shows an 
example of a pixel where the pixel height is the same for all 4 edges. In comparison 
figure 4.9(b) shows in the bottom right hand corner a region where there is increased 
gold. To investigate this area the SEM was used in a higher magnification mode 
and focused on this corner.
Figure 4.10(a) shows a significant ridge where there is an increase in gold. There 
are regions round the ridges where there is shadowing as seen by the SEM due to
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Figure 4.7: Example pixels from Medipix detector showing increase in gold on right 
and bottom sides.
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Figure 4.8: Pixel and resulting pixel profile showing the pixel height and the feature 
on the right side of the pixel.
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Figure 4.9: SEM image of two pixels to investigate gold profile on bottom and right 
edges.
the spike in the gold pixel height. In comparison figure 4.10(b) shows the difference 
between the edges. The top edge of the pixel has a clear and more defined edge 
compared to the right hand edge. It thought the origin of the gold pixel edge 
profiles is due to an issue with the lift-off process involved in the fabrication of 
the gold pixel contacts onto the CdZnTe material. As this detector was fabricated 
externally an in-depth knowledge of the specific photolithography process used by 
the external collaborator is not fully known.
(a) (b)
Figure 4.10: (a) SEM of the bottom right corner of figure 4.9(b) to show increased 
height of Gold contact, (b) SEM of the top right corner of figure 4.9(b) to show 
comparison between raised and un-raised edge.
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4.2 Spectroscopy Studies of CdZnTe Redlen PIX IE  
D etector
An extensive study was carried out on a Redlen CdZnTe PIXIE detector so to be 
able to characterise and investigate a large number of effects relating to pixelated 
radiation detectors. Initially discussions into the optimisation of the Lab VIEW data 
analysis software and the subsequent analysis of single pixel spectra generated by 
the PIXIE detector will be undertaken. The discussions will then be extended to 
multiple pixel spectra and charge sharing between adjacent pixels.
4.2.1 Single P ixe l Spectra
As explained in section 3.5 a piece of Lab VIEW software was developed to analyse 
the data collected from a PIXIE detector. One capability the software has is to 
generate the spectrum produced by each individual pixel. Single pixel spectra makes 
it possible to investigate detector properties such as the uniformity across an array, 
noise performance of a detector and how the detector bias effects the spectroscopic 
performance.
Array
Number
Pixel Size 
(/im)
Pixel Gap 
(/im)
1 175 75
2 175 75
3 2 0 0 50
4 350 150
Table 4.2: The dimensions of the four different PIXIE arrays.
Figure 4.11 shows the spectra collected by arrays 3 and 4 of the Redlen PIXIE 
detector (see table 4.2 for array dimensions) when a ^^^Am source was incident on 
the detector material. The spectroscopic performance is clearly better for array 4 
compared to array 3. As a result the Np characteristic X-rays are identifiable for 
spectra collected by array 4 but are not observable in the spectra collected by array 
3. The increased spectroscopic performance is thought to be due to the decreased 
charge sharing between pixels. The effect on charge sharing on detector performance
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Figure 4.11: Single pixel spectra recorded by arrays 3 and 4 at a detector
bias of -300 V. It should be noted that no spectrum should be recorded by array 4 
pixel 1 as it is used to supply bias to the guard ring of the detector.
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will be investigated further in section 4.2.2.3. To investigate how certain parame­
ters affect spectroscopic performance and to optimise parameters which operate the 
Lab VIEW software the spectrum recorded by array 4 pixel 7 was used (see figure 
4.12).
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Figure 4.12: Single pixel ^^^Am spectra recorded by array 4 pixel 7 at a detector 
bias of -300 V.
4.2.1.1 O ptim isation o f Lab V IEW  Software Param eters
Before any detailed analysis can be carried out on the detector performance and 
characteristics of the Redlen PIXIE detector certain parameters in the Lab VIEW 
software need to be optimised. The Lab VIEW software performs digital CR-(RC)’^ 
shaping on the preamplifier pulses captured by the PIXIE-4 DAQ (see sections 3.4 -
3.5 for more details). Therefore the parameters used by the CR-(RC)” digital shaper 
must be optimized. The two parameters of interest are the time constant, r  and the 
number of integration steps, n.
The first parameter optimised was the time constant of the shaper. The time con­
stant effects the time over which the differentiation and integration steps of the 
shaper are carried out. To investigate how the time constant effects the recorded 
spectroscopic performance it was varied between 0.3 fis and 1 fis in 0.1 fis steps and 
the FWHM of the 59.5 keV ^^^Am peak was recorded.
It is found that the FWHVI goes through a minima at a value of 0.5 fis. The form 
of this relation between FWHM and time constant is due to how the contribution
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Figure 4.13; The effect of the CR-(RC)^ shaper time constant on the FWHM of the 
59.5 keV peak at a detector bias of -300 V. It should be noted the leakage
current at -300 V is -0.84 nA.
of specific types of electronic noise is effected by the time constant. Electronic noise 
is made up of three components:
® Series noise resulting from the input resistance of the PIXIE ASIC preamplifier.
o Parallel noise resulting from the leakage current of the detector.
e Flicker noise. Where the noise is proportional to j  where /  is the frequency 
of the electronic noise.
It is possible to characterise the amount of noise generated at a specific time constant 
by calculating the “equivalent noise charge” {ENC).  The E N C  is “the amount of 
charge that, if applied suddenly to the input terminals of a system, would give rise 
to an output voltage equal to the root mean squared level of the output due to only 
noise” [3]. Equations 4.2 - 4.4 are the ENC equations for each of the three different 
noise components [50].
=  btCdkBTr^ where bt <x - (4.2)
=  b jq  where b, oc (4.3)
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=  b fC to t - ^  where bf =  constant gïïi
(4.4)
As shown in equations 4.2 - 4.4 the amount of recorded series and parallel noise 
varies with the time constant (r). At smaller values of r  the series noise dominates, 
as T increase the amount of parallel noise increases and the series noise decreases. 
Furthermore the minimum recorded total noise will occur at a value of r  when the 
amount of series and parallel noise are equal. These equations thus explain the trend 
of how the FWHM varies with the time constant as shown in figure 4.13.
One source of electronic noise in a detector system is the leakage current from the 
detector. As shown in figure 4.14 as the detector bias increases the leakage current 
increases (-0.36 nA @ - 1 0 0  V compared to -0.84 nA @-300 V). The increase in leakage 
current at higher detector biases would result in a degradation in spectroscopic 
performance. However as shown in table 4.3 the charge transport properties of the 
detector improves at higher detector biases which tends to improve the spectroscopic 
performance. To investigate this further the time constant was varied for a "^^ ^Am 
spectrum collected at -100 V and compared to the data collected at -300 V (see 
figure 4.15).
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Figure 4.14: I-V characteristic of a single pixel to show how the leakage current 
increases with detector bias.
As shown in figure 4.15 the minimum value of EWHAI is larger at a lower detector 
bias. This means the charge collection efficiency is having a larger effect on the
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Detector Bias
(V)
Leakage Current 
(nA)
Charge Collection Efficiency 
(%)
- 1 0 0 -0.36 96
-300 -0.84 1 0 0
Table 4.3: The charge collection efficiency and leakage current measured at different 
detector biases.
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Figure 4.15: The effect of the CR-(RC)^ shaper time constant on the FWHM of the
59.5 keV ^^^Am peak at a detector bias of -300 V and -100 V. The leakage current 
at each detector bias is also shown in the legend.
spectroscopic performance of the detector. As the drop in charge collection efficiency 
at lower detector biases tends to degrade the spectroscopic performance compared 
to the improvement in performance due to lower leakage current at lower detector 
biases.
The time constant of the CR-(RC)"' shaper is analogous to the shaping time of an 
analogue linear amplifier. Figure 4.15 also shows the FWHM of the 59.5 keV peak at 
a detector bias of -300 V and with analogue shaping at shaping times of 0.5 /zs and 
1 /2S. As shown the FWHM is larger than the equivalent values of time constant. 
This shows that it is advantageous to analyse the spectra collected by Redlen PIXIF 
detector with the digital CR-(RC)” shaper.
Figure 4.15 also shows the noise produced by the PIXIF ASIC. This noise was 
measured by applying a pulsed voltage supply to the calibration circuit of a PIXIF 
ASIC with no detector mounted to it. As a result the FWHM of the puiser peak 
produced is the noise due to the ASIC and the connecting cables. A value of 1.05
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keV was found which is minimum value for the electronic noise when a detector is 
mounted to the PIXIE ASIC.
The second parameter which operates the CR-(RC)” shaper is the number of stages 
of integration (u). To investigate how n effects the spectroscopic performance the 
same ^^^Am recorded at a detector bias of -300 V was processed with values of n 
ranging from 1 to 8  with r  =  0.5 / iS . Figure 4.16 shows that the spectroscopic 
performance improves up to a value of u =  4 where the FWHM =  1.56 keV. At 
values n > A the FWHM degrades.
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Figure 4.16; The effect number of steps of integration (n) of the CR-(RC)” shaper 
on the recorded detector performance.
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Figure 4.17: Resulting shaped pulses for different number of steps of integration (n) 
for the CR-(RC)" shaper with a fixed time constant of 0.5 //s.
The reason for the trend in the FWHM can be explained by the shape of the output
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of the CR-(RC)” . Figure 4.17 shows the resulting output of the shaper for the 
interaction of a 59.5 keV X-ray with the detector material which is subsequently 
detected by pixel 7 of array 4 of the PIXIE detector. As n increases the shape of 
the pulse becomes more Gaussian in nature upto a value oi n =  A. At values of 
n > 4 there is less modification to the shaper output. The characteristics of the 
pulse can be quantified by calculating the signal-to-noise ratio of the pulse. The 
signal-to-noise ratio is calculated by the use of equation 4.5, where /i is the expected 
value and a is standard deviation of the noise.
, . u Amplitude of pulseSignal-to-noise =  — = -------------------------
U" (7 nn isfi
(4.5)
To calculate the signal-to-noise ratio at each value of n the shaper output of pixel was 
recorded for 5 separate events of a 59.5 keV X-ray interacting with the detector and 
being subsequently detected by the pixel. The average signal pulse amplitude and 
standard deviation of the noise was recorded and the signal-to-noise was calculated 
using equation 4.5. As shown in table 4.4 as n increases the signal-to-noise ratio 
increases upto a value of n=4. The subsequent higher signal-to-noise ratio results 
in the trend of improving FWHM for values of n upto a value of n =  4.
n signal-to-noise ratio
1 82.9 ±  12.9
2 170.2 ±  9.1
3 173.1 ±  9.0
4 185.7 ±  7.4
8 176.5 ±  8.3
Table 4.4: Signal-to-noise ratio for different values of n.
Therefore in any subsequent analysis of spectra collected by a PIXIE detector values 
of r  =  0.5 fis and n =  A will be used for the CR-(RC)” shaper.
4.2.1.2 D etector B ias Effect on D etector Perform ance
As explained in the previous section the bias applied to the detector has a large 
eff'ect on the recorded spectroscopic performance. To investigate this relationship
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more in depth, the detector bias was varied between -100 V and -300 V in -50 V 
steps and the spectrum recorded by all 8  available pixels was recorded.
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Figure 4.18; The effect of detector bias on the single pixel performance of array 4 of 
the Redlen PIXIE detector. As previously explained no data is collected from pixel 
1 as supplies bias to the guard ring of the detector.
As explained in the previous section the leakage current and charge transport prop­
erties have a large effect on the recorded spectroscopic performance. It was found 
that at higher detector biases the leakage current increases degrading the detector 
performance. However as shown in the figure 4.19 the charge collection efficiency 
increases with detector biases which dominates the resulting FWHM.
C C E
(P
1 — exp -(P (4.6)
PeTe{ — V)
Equation 4.6 is the Hecht equation which can be used to fit the charge collection 
efficiency graphs shown in figure 4.19 [51]. Where /igTg it the mobility lifetime 
product of the electron in the material, V is the detector bias and d is the detector 
thickness.
The equation is formulated for data collected from detectors with two planar elec-
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Figure 4.19: Charge Collection Efhciency (CCE) and the resulting Hecht equation 
fits to calculate the (//r)e for each pixel of array 4.
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Figure 4.20: A TCAD simulation of the electric field profile across the width of a 
planar and PIXIE detector at a detector bias of -300 V. Where 0 mm is the cathode 
electrode and 2 mm is the centre of a pixel anode electrode [52].
4.2 Spectroscopy Studies of CdZnTe Redlen PIXIE Detector 71
T
trodes which have a different electric field profile compared to pixelated detectors. 
Figure 4.20 shows a TCAD [53] simulation of the electric field profile for a planar 
detector and from the centre of a pixel for a simulated array 4 of a PIXIE detec­
tor [52]. As shown the electric field profiles are the same across the majority of the 
device. It is found that the field profiles only differ dramatically at depth positions 
near the pixelated anode. Therefore for a basic analysis of the charge transport 
properties of the detector the Hecht equation was fitted to the data and the (/ir)g 
values were extracted (see table 4.5).
Pixel (//r)e (cmW"^)
1 N/A
2 2.3 X  10-3
3 2.4 X 10-3
4 2 . 6  X  10-3
5 1.9 X  10-3
6 2.2 X  10-3
7 3.3 X 10-3
8 2.5 X 10-3
9 3.3 X  10-3
Table 4.5: Mobility Lifetime product (/ir)e for each pixel of array 4 calculated from 
Hecht equation fits to data shown in figure 4.19
As shown in figure 4.21 there is good correlation between pixels with the best FWHM 
at -300 V and the ones with the highest (/ir)g. Therefore the charge transport 
properties of the material for each specific pixel has a large effect on the spectroscopic 
performance of a pixel.
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Figure 4.21: FWHM of a single pixel spectrum as function of the (/ir)g value for 
that pixel.
4.2.2 Sum  Spectra and M ultip le P ixel Effects
The Lab VIEW software has the ability to investigate multiple pixel effects in pix­
elated radiation detectors. These can involve the generation of sum spectra and 
the phenomena of charge sharing between pixels. This section will investigate these 
effects.
4.2.2.1 Gain M atching of the D etector
Before any detailed analysis involving multiple pixel effects can be carried out a 
pixel gain matching procedure must be undertaken. It is possible that each pixel in 
an array will have different gains and offsets. As shown in figure 4.22 and table 4.6 
the differences in the gains and offsets result that for the same energy measured by 
different pixels the channel number generated by the CR-(RC)^ shaper is different. 
The discrepancy in gains and offsets can be due to slight differences in the pixel 
preamplifier gains for the PIXIE ASIC. Furthermore the material properties over 
the array may vary for example the difference in the {fir)e for each pixel as shown 
in table 4.5. Figure 4.23 shows the shows the peak centroid channel of the 59.5 
keV peak for each pixel of array 4 as a function of the (/ir)e for that pixel. It is 
found that the peak centroid is approximately constant for all (/rr)e values except 
for pixels 3 and 7. This means that the main effect on the difference in gains is due
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Figure 4.22: Uncalibrated single pixel spectra recorded by arrays 3 and 4. To show 
the effect different gains and offsets have on the resulting peak centroid channel 
number of the 59.5 keV characteristic X-ray.
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Pixel
Peak Centroid(ch)
Array 3 Array 4
I 416.1 N/A
2 422.1 420.7
3 412.0 368.3
4 426.8 421.6
5 42R0 419.1
6 415.8 418.4
7 431.7 359.1
8 429.7 413.6
9 432.8 429.7
Table 4.6: Peak centroid value for each pixel for the spectra shown in figure 4.22.
to a slight reduction of the gain for preamplifiers used for pixels 3 and 7 compared 
to other pixels.
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Figure 4.23: Peak centroid of the 59.5 keV peak as function of the (/xr)e for each 
pixel of array 4.
The difference in gains and offsets between pixels can effect the spectroscopic perfor­
mance of a detector when the spectra generated by each pixel are summed together 
(see figure 4.24). As shown in figure 4.24 there are two different peaks relating to 
the detection of the 59.5 keV 7  ray. ‘Peak A’ is due to the detection of the 59.5 keV 
7  ray by pixels 3 and 7. As shown in figure 4.25(a) the combined spectra collected 
by pixels 3 and 7 has a peak centroid channel number of 360.9. The remaining pix­
els spectra as shown in figure 4.25(b) has a peak centroid channel number of 421.2 
results in ‘Peak B’ in figure 4.24. The effect the difference in gains and offsets has
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Figure 4.24: Spectrum produced by array 4 at a bias of -300 V when the spectra 
recorded by each pixel are combined together. The two different 59.5 keV peaks 
labelled ‘Peak A’ and ‘Peak B’ are due to differences in the gains of pixels 3 and 7 
compared to the remaining pixels.
on the sum spectrum can be minimised by converting the generated channel number 
to a measured energy by applying the pixel gain and offset.
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(a) Pixels 3 and 7 (b) Remaining pixels
Figure 4.25: Spectra recorded by pixels with different gains resulting in different 
peak centroid numbers and the non-gain matched sum spectrum shown in figure 
4.24.
The gain and offset of each pixel is calculated by creating a calibration curve for 
each pixel. A calibration curve makes it possible to convert a measured channel 
number to a measured energy. To generate this curve the peak centroids of the 
Silver 22.16 keV, Terbium 44.18 keV characteristic X rays and ^^^Am 59.5 keV 7  
ray were recorded for each pixel and plotted against energy as shown in figure 4.26. 
The resulting gains and offset for each pixel are the gradient and the y-intercept
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Figure 4.26: Pixel calibrations at -300 V to calculate the gain matching parameters 
for arrays 3 and 4 of the PIXIE detector.
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of the linear regression respectively. Table 4.7 shows the resulting calculated gain 
matching parameters for arrays 3 and 4 at a detector bias of -300 V.
Pixel
Array 3 Array 4
Gain (keV/ch) Offset (keV) Gain (keV/ch) Offset (keV)
1 0T43 0.14 N/A N/A
2 0.140 1.19 0.140 0.51
3 0.144 0.74 0.160 0.78
4 0T38 OT# 0.140 R52
5 0.140 R73 0.141 0.40
6 0.142 OT# 0.141 R 6 8
7 0.137 R67 0.164 OT#
8 0T36 0.91 0.141 OT#
9 0T36 0.74 0T38 0.51
Table 4.7: Gain and offsets for gain matching for arrays 3 and 4
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Figure 4.27: Spectrum produced by array 4 at a bias of -300 V when the spectra 
recorded by each pixel are gained matched and summed together.
Once the gain and and offset on an event by event basis the channel number cal­
culated by the CR-(RC)'^ shaper is converted to a measured energy value using 
equation 4.7 where G is gain and 0  is the offset of the pixel. This results in the 
different channel number for the peak centroid of each pixel being adjusted to the 
same energy and resulting in the spectrum shown in figure 4.27. The gain matching 
procedure greatly improves the spectroscopic performance resulting in a FWHM of 
2 keV at 59.5 keV and will result in more accurate values for the amount of charge 
sharing between adjacent pixels.
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E =  (Gain x Channel Number) +  Offset
4 .2 .2 . 2  E ven t C lassification  an d  th e  O p tim u m  T h resh o ld  V alue
(4.7)
It is possible to classify a radiation event by the number of pixels which collects the 
charge. If the resulting CR-(RC)‘^ shaper amplitude for a pixel generates a channel 
number greater than a user defined threshold it is classified as a hit and it is assumed 
that charge has been collected by that pixel. The number of pixels with a valid hit 
in each event is known as the multiplicity (m) of an event. When more than one 
pixel has a valid hit (m > 1 ) the event is classified as a charge sharing event.
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Figure 4.28: The same data processed in two different ways to show effect of sum 
spectrum generation. Spectrum (a) shows only the energy from the single pixel with 
the highest energy in a m ^  2 event. Spectrum (b) shows the sum of the recorded 
energy from all pixels above the user defined threshold of 3 keV in each m ^  2 event
Once the multiplicity of an event is determined a sum spectrum can be created. On 
an event by event basis the total energy for each event is calculated by summing 
the energy of the pixels with valid hits. For example if the charge collected in 
charge sharing events was not summed together only the maximum energy collected 
by a single pixel would be plotted (sec figure 4.28(a)). When the same data set is 
processed so charge sharing events are summed together (see figure 4.28(b)) the total 
collected charge is reconstructed resulting in a better spectroscopic performance. 
Before any detailed analysis can be carried out on charge sharing between pixels 
the optimum threshold value had to be found. A ^^^Am spectrum was processed at
,7.
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Figure 4.29: FWHM of the 59.5 keV peak from ^^^Ain at different threshold values 
for the m ^  1 , m =  1 and m =  2 sum spectra.
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different threshold values and the FWHM of the characteristic 59.5 keV peak was 
recorded for spectra involving all multiplicity events (figure 4.29(a)), m =  1 events 
(figure 4.29(b)) and m =  2 events (figure 4.29(c)).
As shown in figure 4.29(a) the FWHM for the sum spectrum with all multiplicities 
(m > l) is found to go through a minima at a value of 3 keV. At threshold values less 
than 3 keV noise is classified as a hit and is falsely included into the sum spectrum. 
This also effects the m =  2 threshold scan (figure 4.29(c)) as actual m =  1 events 
are being classified as m =  2  events and being included in the m =  2  spectrum.
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Figure 4.30: Components of a charge sharing event inputted to sum spectrum at 
different threshold values. Showing at higher threshold values real charge sharing 
events are neglected.
At threshold values greater than 3 keV charge sharing events between neighbouring 
pixels are lost and the event is incorrectly classified with a lower multiplicity. For 
example figure 4.30 shows a m =  3 charge sharing event which has 3 pixels with 
energies of 50.6 keV, 3.5 keV and 3.7 keV. At a threshold value of 6  keV the two 
smaller pixel energies are lost from the total event energy, and the resulting spectrum 
will be degraded. The effect of neglecting small energy components of charge sharing 
is strongest in the m =  2 spectrum and hence the m ^ 2 multiplicity spectra are 
most sensitive to correct adjustment of the threshold level.
4 .2 .2 .3 C harge  S haring  an d  Sum  S p ec tru m  P erfo rm an ce
A PIXIE detector has 4 different selectable arrays with different pixel sizes and 
pitches. This opens up the possibility to investigate how the pixel size effects the
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level of charge sharing and the observed detector performance. Data sets with the 
same number of events were taken with a ^^^Am source from arrays 3 and 4 which 
have the pixel sizes of 200 /im and 350 fim respectively and pitches of 250/im and 
500 /iin respectively.
As shown in figure 4.31 there is a significant increase in the amount of charge sharing 
between pixels as the pixel pitch decreases. The reason for the increase in charge 
sharing at smaller pixel pitches is due to the width of the charge cloud. As explained 
in section 2 .6 . 2  it is possible to model the diffusion of the charge carriers perpen­
dicular to the propagation direction with a Gaussian distribution. This makes it 
possible to calculate charge cloud radius using equation 4.8. Where r is the charge 
cloud radius, &^is Boltzmann’s constant, T is the absolute temperature, D is the 
detector thickness, d is charge cloud drifting distance, e is the electronic charge and 
V is the detector bias.
(4.8)
The resulting charge cloud diameter for the interaction of 59.5 keV with the detector 
at a bias of -300 V will be 60 fim. Hence as this is much closer to the interpixel 
spacing for array 3 and significantly smaller than array 4 charge sharing is more 
likely to happen between pixels on array 3.
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Figure 4.31: Multiplicity percentages recorded for array 3 and array 4 when irradi­
ated with 59.5 keV from ^^^Am and a detector bias of -300 V.
The increased level of charge sharing between pixels also has a significant effect 
on the recorded spectroscopic performance of the detector. Figures 4.32 and 4.33
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show the recorded single and sum spectra recorded by arrays 3 and 4 with the 
subsequent FWHM for each spectrum shown in table 4.8. The increase in charge 
sharing results in a degradation of the spectroscopic performance of the single pixel 
and sum spectra.
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Figure 4.32: Single pixel spectra recorded by pixel 7 from arrays 3 and 4 to show 
effect increased charge sharing has on spectroscopic performance.
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Figure 4.33: Sum spectra recorded by array 3 and 4 to show effect increased charge 
sharing has on spectroscopic performance.
To account for the degradation in the sum spectra performance it is possible to sep­
arate the spectra due to charge sharing events (m ^  2 ) from the spectrum generated 
by events with no charge sharing (m =  1 ). As shown in figure 4.34 the spectroscopic 
performance of the m =  1 spectrum for array 3 (figure 4.34(a)) is significantly better 
than the m ^  2 sum spectrum (figure 4.34(b)). However the increased spectroscopic 
performance that is achieved by neglecting m ^ 2 events results in a drop in effi­
ciency which can be an undesirable property for some applications.
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Array Single Spectrum 
FWHM (keV)
Sum Spectrum 
FWHM (keV)
3 2 . 0 1 5.41
4 ZOO
Table 4.8: FWHM of single and sum spectra shown in figures 4.32 and 4.33 respec­
tively.
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Figure 4.34: The m =  1 and m ^  2 sum spectra recorded by array 3 at -300 V to 
show the effect of charge sharing on spectroscopic performance.
The amount of charge sharing between adjacent pixels was also measured for dif­
ferent incident X-ray energies. Array 3 of the PIXIE detector was irradiated with 
22.16 keV X-rays from Silver, 44.48 keV X-rays from Terbium and 59.5 keV X-rays 
from ^^^Am and multiplicity of each event was recorded.
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Figure 4.35: Multiplicity percentages recorded for varying incident X-ray energies 
for array 3 at -300 V.
Figure 4.35 shows the percentage of total events for each multiplicity at the different 
X-ray energies. It was found that the amount of charge sharing increased as the 
energy increased. Furthermore there is a significant increase between Ag and Tb.
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This is due to the creation of fluorescence X-rays as the incident X-ray energy is 
greater than the K-edge absorption energies for Cd (26.7 keV) and Te (31.8 keV). 
As explained in section 2 . 2  the resulting propagation of the fluorescence X-rays 
increases the size of the charge cloud. This effect will be investigated in section 5 
and was the topic of the published paper in Appendix A [54].
4.3 Summary
This section details studies into the metrology and spectroscopy of pixelated CdZnTe 
radiation detectors. A metrology study was undertaken on a CdZnTe Medipix de­
tector. A non-contact optical profiler (Zygo) was used to measure the curvature of 
the device. It was found the curvature diagonally across the sample was of the order 
to 16 - 18 fim. This amount of curvature is significant as the diameter of the In 
bumps fabricated to the Medipix III ASIC will be of the order of 16 - 20 fim. This 
may result in corner pixels not being electrically contacted to the ASIC resulting in 
dead areas.
The surface roughness of the bare CdZnTe sample was also measured. The average 
roughness value Ra of the sample was calculated by performing a line scan in the 
interpixel region of two pixels. An Ra value of 6.56 nm was recorded for the sample. 
As a result of this the surface roughness of the sample will have no effect on the In 
bump bonding procedure.
The last metrology study undertaken was to investigate the gold pixels fabricated to 
the CdZnTe material. As shown in figure 4.7 it was found that there were multiple 
pixels which exhibited increased height of gold pixels on the right hand and bottom 
edges. It was found for the pixel shown in figure 4.8 tha t the spike measured due 
to the increased gold was 154 nm higher that the 260 nm gold pixel. To investigate 
whether this was a real effect or artefact of the Zygo the pixels were investigated in a 
Scanning Electron Microscope. As shown in figure 4.9 there is evidence of increased 
gold height on the right and bottom edges. The origin of this effect is thought to 
be due an issue in the lift-off procedure in the fabrication of the gold pixels on the
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CdZnTe material.
A spectroscopy study was also undertaken on a Redlen CdZnTe PIXIE detector. 
To begin with the ^^^Am spectra generated by a single pixel (see figure 4.12) was 
used to optimise the parameters used in the digital CR-(RC)” shaper. It was found 
the optimum value for the time constant (r) of the shaper was 0.5 /is (see figure 
4.13). The is due to series and parallel electronic noise having more effect on the 
resulting spectra at values of r  less than and greater than 0.5 /zs respectively. The 
number of stages of integration [n) also needed to be optimised. It was found tha t 
the spectroscopic performance of the single pixel spectrum improved up to a value 
of n =  4 (see figure 4.16) and subsequently degraded at higher values of n. This 
is due to at a value n =  A the signal-to-noise ratio of the shaper output was at a 
minium.
Once the parameters of the digital shaper had been optimised the effect of the 
detector bias on the spectroscopic performance of a single pixel from array 4 was 
undertaken. It was found that the FWHM of the 59.5 keV peak improved with 
detector bias (see figure 4.18). Due to the low level of charge sharing between 
adjacent pixels for this array the two major components on the resulting FWHM 
is the electronic noise and the charge collection efficiency (CCE). It was found tha t 
the leakage current increases with detector bias which would have a negative effect 
on the FWHM, however the CCE was found to improve with detector bias which 
resulted in the improved spectroscopic performance at higher detector biases. This 
as result shows that the CCE has a larger effect on the spectroscopic performance 
of the detector.
The analysis software also has the ability to investigate multiple pixel effects. To 
begin with a gain matching procedure had to be carried out. The discrepancy 
in gains between pixels is due to slight differences in the gains of PIXIE ASIC 
preamplifier’s and differences in the charge transport properties as shown in table 
4.5. The difference in gain and offsets result in a significant decrease in spectroscopic 
performance (see figure 4.24). This can be accounted for by converting the generated 
channel number into an energy resulting in an improved spectroscopic performance.
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The analysis software also has the ability to classify an event by the number pixels 
with an equivalent energy greater than a user defined threshold which is known 
as the multiplicity. The sum of the equivalent energies can be plotted in a sum 
spectrum. The optimum threshold value was found to be 3 keV. At values less than 
3 keV noise was classified as a hit and inputted into the sum spectrum, at values 
greater than 3 keV small components of charge sharing were not put into the sum 
spectrum thus degrading the spectroscopic performance.
Finally charge sharing between adjacent pixels was investigated. It was found tha t 
for smaller pixel pitches the level of charge sharing was found to increase (see figure 
4.31). This is due to the charge cloud created by 59.5 keV X-ray at a detector 
bias of -300 V has a final size comparable to the interpixel gap of array 3 thus 
making charge sharing more likely. Furthermore the increased level of charge sharing 
significantly decreased the spectroscopic performance of the detector. The charge 
sharing between the pixels of the same array was found to increase with incident 
X-ray energy. There was a significant increase for X-rays energies greater than the 
iF-edge absorption energies for Cd (26.7 keV) and Te (31.8 keV). This is due to 
the subsequent emission and propagation of fluorescence X-rays which increases the 
initial size of the charge cloud. This effect will be investigated in depth in the next 
section of this thesis.
Chapter 5
Focused X-ray Beam  Studies
There are a large number of interesting effects observed when using pixelated radi­
ation detectors as a way of characterising radiation. Effects such as charge sharing 
between adjacent pixels and charge loss in the interpixel region can have a negative 
effect on the performance of a radiation detector. Pixelated detectors can also be 
used to define the interaction position of the radiation with the detector medium. 
To investigate all these effects line scans between adjacent pixels were carried out 
on the 115 beamline at the Diamond Light Source, UK.
One investigation which will explained in this chapter is how the level of charge 
sharing between adjacent pixels is effected by emission of fluorescence X-rays. The 
propagation length of the fluorescence X-rays is large (~  100/im) and subsequently 
increases the initial charge cloud size. To investigate this effect on the level of charge 
sharing between pixels line scans between adjacent pixels were carried out with X- 
ray beam energies above (40 keV) and below (26 keV) the mean iF-shell absorption 
energy of the detector materials (26.7 keV, 9.7 keV and 31.8 keV for Cd, Zn and Te, 
respectively).
Another interesting effect investigated in this section is charge loss in the interpixel 
region. On each position of the line scan the total collected energy is recorded and 
how this values varies with interaction position will be investigated. The use of a 
pixelated detector to locate where an X-ray interacted in a detector will also be 
discussed. The spectrum collected by each pixel will be used to define where an
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interaction took place by a interpolation scheme developed in this project.
Finally the effect the detector bias has on the charge sharing between adjacent pixels 
will also be investigated in this chapter.
5.1 Array and P ixel Locating
Before any line scans between adjacent pixels could be undertaken the arrays and 
pixels of interest had to be located on the CdZnTe sample. During the fabrication of 
the PIXIE arrays onto the CdZnTe sample the position of the arrays on the sample 
in relation to the diecast aluminium box was recorded. This meant it was possible 
to locate the area at which array 4 of the PIXIE detector was thought to be.
To find the centre of array 4 a 26 keV X-ray beam with a mean spot size of 2 mm 
was moved in 50 /zm steps in the X  (horizontal) and Z  (vertical) directions. At each 
position on the scan the output from the centre pixel (pixel 5) was analysed with the 
software built into the Pixie-4 DAQ system explained in section 3.4. The software 
has the ability to calculate the number of counts/second a pulse is processed with an 
amplitude above a user defined threshold. This value makes it possible to locate the 
centre of an array as the number of counts/second will increase as the X-ray beam 
gets closer to the centre pixel of the array (pixel 5). To support the data recorded 
by the Pixie-4 system the pulse generated by the pixel 5 of the array of interest on 
the PIXIE ASIC was observed on an oscilloscope.
Figure 5.1(a) shows the recorded counts/second for pixel 5 at each point on the scan 
to find the centre of the array. At some points on the scan (the red zone in figure 
5.1) the Pixie-4 software outputted no value, furthermore the pulses observed on the 
oscilloscope at these positions showed evidence of pile up when the rate at which 
events are being detected is too fast. At these positions it was assumed the beam 
was over the centre of the array. As the centre of array 4 had been found the box 
was moved 2 mm in the negative X  direction and the same procedure was carried 
out on array 3. In this case the centre of the array was found to be at a value of X  
=  -0.5 mm and Z=2.75 mm.
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Figure 5.1; Counts/second recorded by pixel 5 on each point of scan to find centre 
of array 3 and 4 of the Redlen CdZnTe PIXIE detector. Colour code relates to the 
resulting pulse seen on the oscilloscope.
Pixels Results
Figure
A  Co-
ordinate (mm)
% Co-
ordinate (mm)
Centre of Pixel 5 
Co-ordinate (mm)
1, 2 and 3 5.3(a) -0.5 2.45 3.4 N/A
2, 5 and 8 5.3(b) -0 .5 5 -+ -R 9 5 2.9 X =  -0.75
4, 5 and 6 5.3(c) -0.75 2.675 3.075 Z =  2.875
Table 5.1: Details of the line scans to find the centre of pixel 5 of array 3.
Once the centre of array 3 had been located three line scans were carried out with 
the 26 keV X-ray beam collimated to a mean spot size of 20 / i m  (see table 5.1 for 
information on line scans). The purpose of these scans was to locate the centre of 
pixel 5 of array 3 of the Redlen PIXIE detector.
At each position on the three line scan a list mode file was created by the Pixie-4 
DAQ. This list mode file contained information on the pulses generated by all nine 
pixels when an X-ray interacted with the detector. As explained in section 3.5 a 
piece of Lab VIEW software was developed to analyse the pulses recorded in the 
list mode file. One ability of the Lab VIEW software is to record how many pixels 
collected charge created from the interaction of an X-ray with the detector. If the 
total collected charge by a pixel is above a user defined threshold (in this case 3 
keV) the pixel is classified as a hit. The number of pixels classified as a hit in a 
specific event is known as the multiplicity (m) of the event. For example if the event 
is classified as an m — 1 event all the charge generated by the interaction of an X 
ray with the detector material is collected by a single pixel.
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Figure 5.2: Orientation of the pixel numbers for array 3 of PIXIE detector as seen 
by the 115 beamline.
The first line scan carried was between pixels 1, 2 and 3 (see figure 5.2 for pixel 
orientation and size). As shown in figure 5.3(a) the beam was moved in 50 fim steps 
and at each position the total number of m =  1  events was recorded, and number 
of times each pixel was involved in one was recorded. As shown there are regions 
where 100 % of m =  1 events are found to be attributed to only one pixel. The 
centre of these regions is assumed to be when the beam was incident on the centre 
of that pixel. Therefore the centre of pixel 2 was found to be at an ^-co-ordinate 
of 2.9 mm.
The second line scan was then carried out to find the centre of pixel 5 in the X-  
direction. The box was fixed at a % co-ordinate of 2.9 mm and was moved between 
pixels 2 , 5 and 8  in 25 /i steps. As shown in figure 5.3(b) the centre of the region 
where 100 % of m =  1 events was attributed to pixel 5 was found at a co-ordinate 
of -0.75 mm. This is then assumed to be the centre of pixel 5 in this direction. 
The final line scan was to find the centre in the Z  direction. The detector was fixed 
at an X  co-ordinate of -0.75 mm and was moved in the Z  direction in 25 fim steps 
between pixels 4, 5 and 6 . The centre of the region where 100 % of m =  1 events 
was attributed to pixel 5 was found at a position of %= 2.875 mm.
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(c) Line scan between pixels 4,5 and 6.
Figure 5.3: The three line scans carried out to find the centre of pixel 5 of array 3 
of the Redlen PIXIE detector.
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Therefore the centre of pixel 5 was found to be located at a co-ordinate of X  =  -0.75 
mm and Z =  2.875 mm and line scans between the centres of pixels 4 and 5 of array 
3 could be undertaken.
5.2 Single P ixel Spectra
On each position on the line scan between pixels 4 and 5 the spectrum produced by 
each pixel was recorded. Figure 5.4(a) shows the spectrum produced by pixel 5 when 
the 26 keV was incident on the centre of the pixel. There is a full energy photopeak 
at 26 keV with a FWHM of 1.1 keV which is within 0.1 keV of the FWHM due 
to the PIXIE ASIC as measured in section 4.2.1.1. For comparison the spectrum 
produced by pixel 5 when a 40 keV X-ray beam was incident on the centre of the 
pixel is shown in figure 5.4(b). The FWHM of the photopeak is 1.15 keV however 
there are three additional peaks produced labelled “B”, “C” and “D”. These peaks 
are to due the creation and subsequent escape of Cd and Te, Ka and Kjs X  rays. 
Table 5.2 shows the energy of the specific fluorescence X rays and the peak label 
in figure 5.4(b).Another difference between the single pixel spectra generated at 26 
keV and 40 keV is the peak-to-valley ration of the full energy peak. As shown in 
table 5.3 the peak-to-valley ratio for the 40 keV peak is 5 times smaller than the one 
calculated for the 26 keV spectrum. The exact mechanism being undertaken with 
this effect is not fully known and should be investigated at a future date.
The single pixel spectra recorded at beam energies of 26 keV and 40 keV both have 
peaks at around 2 keV labelled “A” in both graphs This is due to the detection of 
transient pulse. An example of transient pulse is shown in figure 5.5. In this example 
a 76 keV photon interacts with the detector resulting the pulse generated by the 
main pixel however there was a small additional pulse generated on a neighbouring 
pixel. This transient pulse is due to the charge cloud moving through the weighting 
potential of a neighbouring pixel and inducing a small bipolar pulse on this pixel. 
As previously explained in section 2 .6 . 2  the net charge induced by a transient pulse 
is zero by the time the main pulse reaches its peak. This is due to the peaking time
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Figure 5.4: Single pixel spectrum recorded by pixel 5 when the X ray beam was 
incident on the centre of the pixel.
Element Fluorescence X-ray Fluorescence X-ray 
Energy (keV)
Escape Peak 
Energy (keV)
Peak in 
figure 5.4(b)
Te 31.00 9T0 B
Æa 27.47 12.57 C
Cd 26T0 1T90
Ka 23T7 16.83 D
Table 5.2: Fluorescence X-ray energies and subsequent escape peaks shown in figure 
5.4(b) for Cd and Te.
of the transient pulse is earlier the the main pulse as shown in the inset of figure 5.5. 
Therefore the full deposited charge in an event is represented by the peak amplitude 
of the main pulse and is not effected by the creation of transient pulses.
However the resulting amplitude of the transient pulse is a few keV which incorrectly 
produces the unexpected peak “A” at around 2 keV in figure 5.4. Therefore to 
correct for this peak the Lab VIEW software was adapted to ignore any transient 
pulse. Furthermore any noise pulses were ignored by applying a noise threshold of 
1 keV (see figure figure 5.6). This as result made it possible to calculate the total 
charge deposited for event whilst ignoring any transient or noise pulses.
Figure 5.5 shows the pulse generated by a 76 keV photon interacting with the 
CdZnTe detector. In the example pulse, a small additional pulse was generated on a 
neighbouring pixel. This transient pulse is due to the charge cloud moving through 
the weighting potential of a neighbouring pixel and inducing a small bipolar pulse 
on this pixel. As previously explained in section 2 .6 . 2  the net charge induced by a
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X-ray Energy 
(keV)
FWHM
(keV)
Peak-to-Valley Ratio
Value Range Calculated Over
26 1 . 1 0 45 Peak 24 keV - 27 keV 
Valley 14 keV-24 keV
40 1.15 9 Peak 37 keV - 42 keV 
Valley 27 keV - 37 keV
Table 5.3: FWHM and Peak-to-Valley ratio of single pixel spectra recorded when 
the 26 keV or 40 keV X-ray beam was incident on the centre of pixel 5.
transient pulse is zero by the time the main pulse reaches its peak. This is due to 
the peaking time of the transient pulse is earlier the the main pulse as shown in the 
inset of figure 5.5. Therefore the full deposited charge in an event is represented by 
the peak amplitude of the main pulse and is not effected by the creation of transient 
pulses.
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Figure 5.5: Typical pulse shape and associated transient pulse induced on a neigh­
bouring pixel.
However the resulting amplitude of the transient pulse is a few keV which incorrectly 
produces the unexpected peak "A" at around 1.5 keV in figure 5.4. Therefore to 
correct for this peak the Lab VIEW software was adapted to ignore any transient 
pulse. Furthermore any noise pulses were ignored by applying a noise threshold of 
1 keV (see figure figure 5.6). This as result made it possible to calculate the total 
charge deposited for event whilst ignoring any transient or noise pulses.
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Figure 5.6: Single pixel spectrum recorded by pixel 5 for the X-ray beam incident 
on the centre the pixel with transient pulses removed and noise threshold of 1 keV.
5.3 Variation in Charge Collected by a Single P ixel
Charge sharing between adjacent pixels can have a significant effect on the measured 
spectroscopic performance of a pixelated radiation detector. For example figure 
5.7(a) shows the single pixel spectra recorded by pixels 4 and 5 when a 26 keV beam 
was incident on the edge of pixel 5. As shown both pixel spectra have peaks at 
energies significantly below the 26 keV X-ray beam line energy which is due to the 
splitting of the charge generated in each event between the two pixels. To account 
for the high level of charge sharing and the subsequent degradation in detector 
performance a sum spectrum is created. As explained in section 4.2.2 on an event 
by event basis the energies of pixels which are above the software defined threshold 
are added together to form a total summed energy. This recovers the majority of the 
original photon energy. For example figure 5.7(b) shows the pixel spectra produced 
by pixels 4 and 5 when a 26 keV beam was incident on the edge of pixel 5. A 1 keV 
software threshold is applied and a full energy peak is calculated at a value of 24.2 
keV. The full energy photopeak is less than 26 keV which is due to charge being lost 
in the interpixel region. This effect will be investigated in the next section.
To investigate how the total collected charge varies with beamline interaction posi­
tion line scans were performed between the centre of pixel 5 and centre of pixel 4 
at a detector bias of -300 V and with X-ray energies of 26 keV and 40 keV. At each 
position the spectra collected by pixels 4 and 5 and the subsequent sum spectrum
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Figure 5.7: (a) Separate spectra recorded by pixels 4 and 5, showing full energy 
peaks at 7.4 keV and 16.8 keV respectively, (b) sum spectrum from the same data 
showing the full peak at an energy of 24.2 keV
was recorded.
Figure 5.8 shows how the peak centroid of pixels 4 and 5 vary with interaction 
position. It is possible to define the interaction position of the X-ray beam by the 
use of equation 5.1, where Pé{x)  ^ Pb{x) are the peak centroids of the pixels 4 and 5 
respectively at a distance x away from the centre of pixel 5. As shown in figure 5.9 
when this ratio is plotted as a function of interaction position the resulting linear 
relation can be used to define the position of the X-ray beam in the interpixel region. 
For example the centre of the interpixel region can be defined where the charge 
deposited is equally shared between pixels 4 and 5. In this case Pa{x) — Pb{x) 
resulting in a R{x) value of 0. For the case of the 26 keV and 40 keV line scans the 
centre of the interpixel region is found to be a distance of 126 /im from the centre 
of pixel 5. This shows high accuracy in the model as the actual centre is 125 /rm 
from the centre of pixel 5.
[P,{x) -  Pijx)]
l a w  + a w i
(5.1)
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Figure 5.8; The peak centroid energy of pixel 5, pixel 4 and the resulting sum
spectrum at a detector bias of -300 V and X-ray energies below (26 keV) and above
(40 keV) the X-shell absorption energies of Cd (26.7 keV) and Te (31.8 keV).
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Figure 5.9: Linear relationship between the charge sharing ratio R{x) and the posi­
tion of the X-ray beam in the interpixel region.
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5.4 Charge Loss in the Interpixel Region
Figure 5.8 shows how the peak centroid of the sum spectrum changes with interaction 
position. The peak centroid of the sum spectrum is a measure of the amount of the 
total collected charge. In the interpixel region there is a observed drop in the amount 
of total collected charge. The charge loss is defined as the difference between the 
beamline energy and the peak centroid of the sum spectrum in keV. Figure 5.10 
shows the measured charge loss at each position on the line scan between pixels 4 
and 5 at a beamline energy of 26 keV (figure 5.10(a)) and 40 keV (figure 5.10(b)). 
The charge loss is due to electrons being trapped in a region close to the CdZnTe 
surface. Figure 5.11 is a TCAD simulation [53] of the electric field profile across the 
width of the device at beamline positions on the middle of a pixel and in the middle of 
the interpixel region [52]. As shown, the electric field strength is the same across the 
majority of the device. However in a region near the anode electrodes the electric 
field profiles change dependant on where the X-ray beam is incident. For X-ray 
beam positions incident on the centre of a pixel the electric field increases by ~  1 0 % 
(figure 5.11(a)), in comparison for positions in the interpixel region the electric field 
strength drops by almost 100% (figure 5.11(b)). The drop in electric field in the 
interpixel region results in electrons being trapped and the subsequent charge loss 
is observed. Several authors have attributed the drop in electric field is due to the 
presence of a lower conductivity surface layer in the interpixel region [55,56].
The threshold value can also result in a second different way for charge not to be 
included to the calculated total collected charge. At points “A” on figure 5.10(a) 
and points “B” on figure 5.10(b) the measured charge loss spikes. This is due to a 
small component of charge sharing which is below the software threshold of 1 keV 
and is therefore not recorded as a valid event and is subsequently lost. This means 
using the lowest possible threshold value is crucial as smaller components of charge 
will be detected and included into the calculated total collected charge.
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Figure 5.10: Charge loss recorded on each position on the line scan between pixels 
4 and 5. Points ‘A’ and ‘B’ is due to a small compoinent of charge sharing is below 
the 1 keV threshold is not record as a valid event and is subsequently lost.
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Figure 5.11: A TCAD simulation of the electric held prohle across the width of a 
PIXIE detector at a bias of -300 V. Where 0 mm is the cathode electrode and 2 
mm is the anode electrode. Simulations for incident beamline positions in centre 
of a pixel and the interpixel region are shown to highlight the difference in field 
profiles [52].
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5.5 2D Param etric Plot: Representation of Charge 
Sharing Events
As previously explained it is possible to classify the interaction of an X-ray with a 
detector and the subsequent charge cloud which is created. On an event by event 
basis if the charge and subsequent equivalent energy collected by a pixel is greater 
than a user defined threshold (1 keV) it is classified as a hit. The number of hits 
for each event is the multiplicity (m) of an event. Therefore for a specific event if 
m > 1  it is classified as a charge sharing event.
One way to represent data collected in m =  2  charge sharing events is to create a 
2D parametric plot [56,57]. A 2D plot is created by plotting the charge collected by 
pixel 4 (in keV) against the charge collected by pixel 5 (in keV) and the %-axis value 
represents the number of events at the specific energy combination. It is possible to 
use these 2D parametric plots to investigate multiple events involving charge sharing 
in pixelated detectors. Therefore 2D plots were created for the case when the 26 
keV and 40 keV beam were incident at positions of 100 fim - 160 /im from the centre 
of pixel 5. At a detector bias of -300 V all the events are found to be classified as m 
=  2 events and is subsequently possible to create a 2D plot.
5.5.1 2D p lots R ecorded w ith  a 26 keV B eam
Figure 5.12 shows the 2D plots recorded with a 26 keV beam incident in the interpixel 
region between pixels 4 and 5 of the 200 [im pixel size and 250 fim pitch array on 
the PIXIE detector. Each of the four 2D plots shown all have similar characteristics. 
Therefore to explain and analyse these effects the 2D plot and subsequent spectrum 
recorded at a beamline position of 140 /im from the centre pixel 5 will be analysed 
in depth.
At each position on the line scan it is found that the majority of the events lie on 
a diagonal line like the red one shown in figure 5.13(a), which is known as the line 
of “equals sum energy” . The line is known as this is if the energy recorded by pixel 
4 and pixel 5 at each point on the line are summed together it will give the total
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Figure 5.12: 2D plots measured for the line scan between pixels 4 and 5 at beamline 
energy of 26 keV. The interaction positions are moving away from pixel 5 towards 
pixel 4 with interaction positions of 100 /im - 160 /im from the centre of pixel 5.
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Figure 5.13: The 2D plot and resulting spectrum recorded when the 26 keV beam 
was incident at a position of 140 jim from the centre of pixel 5.
collected charge for that specific event. Furthermore if each event sum energy is 
subsequently plotted the resulting spectrum will be the one shown in figure 5.13(b). 
On each of the 2D plots the line of equals sum energy runs through a cluster of 
events. This cluster position is related to the amount of energy collected by each 
pixel at each position on the line scan. As previously shown in figure 5.8 at each 
beamline position the amount of charge collected by each pixel changes. The centre 
of the cluster relates to the peak centroid in keV of the single pixel spectrum recorded 
by the pixels of interest. For example the peak centroids of the spectra recorded 
by pixels 5 and 4 at a 26 keV beam position of 140 fim are 8.99 keV and 14.44 
keV respectively. Therefore the centre of the cluster shown on figure 5.13(a) is at a 
position of 14.44 keV in the pixel 4 direction and 8.99 keV in the pixel 5 direction. 
To investigate the properties of the location of the centre of a cluster the energy 
values for the centre of the cluster for each position on the line scan are plotted on 
the same graph. Figure 5.14 shows the peak centroid of the spectrum recorded by 
each of the two pixels shown on the 2D plots. The plot shows evidence of charge loss 
for beamline positions incident in the interpixel region as previously explained in 
section 5.4. If no charge loss was observed the points would lie on the black dashed
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Figure 5.14: Plot of the recorded energy by each pixel relating the centre of the 
cluster shown on each of the 2D plots shown in figure 5.12.
line shown in figure 5.14. All the points on this line relate to the case when the 
summed total collected charge is equal to the incident X-ray energy of 26 keV. The 
difference between the line and the summed energy found (blue points) is a measure 
of the charge loss.
The position of the centre of the cluster can also provide information on where beam 
line was incident in the interpixel region. Figure 5.14 shows a red dashed line which 
is the line of P5 (keV) =  p 4 (keV). If a point was found to he on this line the beam 
would be assumed to be in the centre of the interpixel region (125 /v,m in this case) 
as the charge has been equally shared between the two pixels. Therefore for energy 
co-ordinates found above the line the beam is nearer pixel 5 and for co-ordinates 
below it is nearer pixel 4.
5.5.2 2D plots R ecorded w ith  a 40 keV Beam
2D plots were also produced for the case when the 40 keV X-ray beam was incident 
on the same positions used previously for the 26 keV beam. Figure 5.15 shows the
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resulting 2D plots which have certain differences compared to the ones generated 
with the 26 keV. To discuss these differences the 2D plot generated by the 40 keV 
X-ray beam incident a position of 140 fim from the centre pixel 5 will be analysed 
in greater detail.
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Figure 5.15: 2D plots measured for the line scan between pixels 4 and 5 at beamline 
energy of 40 keV. The interaction positions are moving away from pixel 5 towards 
pixel 4 with interaction positions of 100 /mi - 160 /mi from the centre of pixel 5.
There are three distinct differences between the 2D plots generated at 40 keV com­
pared to the ones generated at 26 keV. To investigate this it is possible to gate on 
an energy region of interest in the Lab VIEW analysis software and look at the 2 D 
plot in generated in that energy region.
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Figure 5.16: The 2D plot resulting from gating on the energy region relating to the 
creation of escape peaks in the sum spectrum shown.
Figure 5.16 shows the 2D plot generated when the software gates on the red region 
in the spectrum shown in the figure 5.16(b). This region is due to the creation 
and subsequent escape of Cd Cd and Te Ka fluorescence X-rays. It can be 
observed that the escape peak events are on a band of energies which is equal to the 
line of equal sum for the specific fluorescence X-ray. Furthermore there is a cluster 
of events which is the amount of charge collected by each pixel at this position on 
the line scan when a specific fluorescence X-ray escapes the detector.
The next region of interest is the region of the 2D plot between the bands relating to 
the escape peaks and the 40 keV photopeak. As previously explained in section 5.2 
the peak-to-valley ratio of the 40 keV photopeak is lower than the 26 keV spectrum. 
For the case of the beam being incident at a position of 140 //m from the centre 
of pixel 5 the peak-to-valley ratio is 50 at 26 keV compared to 16 at 40 keV. The 
decrease in the peak-to-valley ratio is not fully understood and should be investigated 
further at a later date.
The last area of interest on the 2D plot is the area relating to the photopeak. 
Figure 5.18(a) shows the region of the 2 D plot which is due to the photopeak. As 
previously observed at 26 keV the events recorded which generates the peak relating
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Figure 5.17: The 2D plot resulting from gating on the energy region relating to the 
creation of an increased valley region at X-ray beam energy of 40 keV.
to the total collected charge lie on a line of “equals sum energy” (red line on figures 
5.18(a)- 5.18(b)). Thus it is possible to create a plot of the central cluster point for 
40 keV X-ray beam as previously done for 26 keV as shown in figure 5.14. Figure 
5.19 shows there is again evidence of charge loss in the interpixel region and the it is 
possible to classify where an event took place in the interpixel region by its position 
relating to the P5 (keV) =  p 4 (keV) line.
There is however evidence that for certain events in this region there is less charge 
loss observed. As shown in figure 5.18(a) some events are above the red line which 
is equal to the line of “equals sum energy” . Figure 5.18(d) shows the spectrum 
recorded at this position, the red counts on the spectrum is a high energy shoulder 
on the photopeak and result in the 2D plot shown in figure 5.18(c). The generation 
of these events with minimal charge loss is due to the creation and subsequent 
propagation of fiuorescence X-rays. At energies greater than the A-shell absorption 
energy of Cd and Te it is possible for fiuorescence X-rays to be emitted which can 
the travel up to ^  100 /iin in the detector (value calculated from [4]). Therefore it is 
possible for events in the interpixel region that the fiuorescence X-ray will propagate 
through the detector and deposit its energy on a neighbouring pixel. This means
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Figure 5.18: 2D plots generated to analyse the band due to the recorded photopeak.
5.6 Charge Sharing Between Adjacent Pixels at Different X-ray Energies no
40
30
Position on
Line scan
Pixel energj' value 
Line of 0 char ge loss 
P5(ke\') =  P4(ke\^
140 pm
10 160 pm
0
0 10 20 30 40
Pixel 4 energj (ke\")
Figure 5.19; Plot of the recorded energy by each pixel relating the centre of the 
cluster shown on each of the 2 D plots recording at a beamline energy of 40 keV 
shown in figure 5.15.
that the amount charge in the cloud propagating towards the interpixel region will 
be smaller. Therefore less charge will be lost in the low electric field region resulting 
in the minimal charge loss observed in the 2D plot and the spectrum.
5.6 Charge Sharing Between Adjacent P ixels at 
Different X-ray Energies
To investigate charge sharing between pixels the number of single and charge sharing 
events was measured for each position on the line scan between pixels 4 and 5 at 
different incident X-ray energies with a detector bias of -300 V. Figure 5.20 shows 
the percentage of single {m — 1) and charge sharing (m > 1 ) events for each position 
on the line scan.
At a beamline energy of 26 keV (figure 5.20(a)) it is found that there are only charge 
sharing events in a region centred around the centre of the interpixel region. In this
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Figure 5.20: Percentage of single (blue line) and charge sharing events (red line) for 
each position on the line scans between pixel 4 and 5 at a detector bias of -300 V 
and X-ray energies of (a) 26 keV and (b) 40 keV.
Element X-ray Energy (keV) AcdZnTe(/^ni)
Cd Æa 23.18 116.726.10 160.6
Zn Æa 8.63 8.79.57 11.4
Te ATa 27.47 67.0
AT/3 31.00 91.6
Table 5.4: Attenuation lengths of A-shell fluorescence X-rays emitted from Cd, Zn 
and Te in CdZnTe, (values calculated from [4]).
5.7 Detector Bias effect on Detector Characteristics 112
region it found that ~  99% of the events have been charge shared between pixels 4 
and 5.
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Figure 5.21; Schematic representation of the charge cloud evolution in a CdZnTe 
X-ray detector and the increase in the initial charge cloud size due to the creation 
of -shell ffuorescence X-rays.
In contrast, at 40 keV (figure 5.20(b)) charge sharing events are found for all posi­
tions on the line scan even under the centre of a pixel. For some positions in the 
pixel boundaries it is found that ^  10% events are charge shared between pixels 4 
and 5. Furthermore the width of the interpixel region where there is an increased 
level of charge sharing, is 140 /im at 40 keV compared to 100 /im at 26 keV.
The reason for the increased charge sharing region and for charge sharing happening 
on every point of the line scan at 40 keV is due to the propagation of ffuorescence 
X-rays. Table 5.4 shows the attenuation length of K q, and Kp ffuorescence X-rays 
emitted by Cd, Zn, and Te in CdZnTe. For the case of the X-rays emitted by Cd and 
Te the attenuation length of the X-ray will effectively widen the initial charge cloud 
to sizes of ^  100/im as shown schematically in figure 5.21. The effect shows that 
the creation and subsequent propagation of ffuorescence X-rays has a large effect on 
the detector response of a pixelated radiation detector.
5.7 D etector Bias effect on D etector Characteris­
tics
As explained in section 2 .6 . 2  when a X-ray interacts with a detector a cloud of elec­
trons and holes are created which then propagate towards their respective attracting
kl' _
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electrodes. During this propagation the charge cloud will diffuse resulting in a larger 
cloud compared to the initial size. It is possible to model the charge cloud diffusion 
with a Gaussian distribution. The charge cloud radius as a function of detector bias 
can be calculated as follows:
,  =  (5.2)
where r is the charge cloud radius, d is the drift distance of the charge cloud, D  is 
the detector width, is Boltzmanns constant, T  is the absolute temperature, q is 
the charge of the carriers and V  is the detector bias [41].
Accounting for the attenuation length of a 40 keV X-ray in CdZnTe the charge 
cloud drift distance, d , in the Redlen CdZnTe PIXIE detector is 1.91 mm [15]. The 
resulting minimum charge cloud diameters, neglecting effects due to charge carrier 
repulsion, are 59 //m and 1 0 2  fim at -300 V and -100 V, respectively. Line scans were 
carried out at -100 V and -300 V with a 40 keV X-ray beam. At each point on the line 
scan the amount of charge sharing between pixels was measured to investigate how 
the amount of charge sharing varies with increased charge cloud size. Furthermore 
the amount of charge collected by each pixel and the total collected charge was 
measured to investigate the detector bias effect on the collection of charge.
It should be noted that the line scan performed at -100 V is shorter than the previous 
line scans. The X-ray beam is incident at positions of 40 /im - 200 /zm from the 
centre of pixel 5. This is due to time constraints at the end of the experimental 
campaign.
5.7.1 Charge Sharing at D ifferent D etector B iases
Figure 5.22 shows the multiplicity (m) percentage for each position on the line scan 
between pixels 4 and 5. Over the majority of the -100 V scan it is found that 100% 
of the events are charge sharing events. At the ends of the line scan the percentage 
of m ^  1 events decreases but is still dominating over the m =  1 events. These 
results are different compared to -300 V line scan. The region where the majority
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of events of charge sharing is smaller for the -300 V line scan compared to the -100 
V line scan. This increase in charge sharing at lower detector biases is due to the 
longer charge cloud drifting time thus the final charge cloud diameter is larger due 
to increased diffusion.
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Figure 5.22: Percentage of single (blue line) and charge sharing events (red line) for 
each position on the line scans between pixel 4 and 5 with X-ray beam energy of 40 
keV and detector biases of (a) -100 V and (b) -300 V.
5.7.2 Variation in Total C ollected Charge at D ifferent D e­
tector B iases
Figure 5.23 shows how the peak centroid of the spectra collected by pixels 4, 5 and 
the sum spectrum varies with interaction position for each detector bias. As shown
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Figure 5.23: The peak centroid energy of pixel 5, pixel 4 and the resulting sum 
spectrum at X-ray energy of 40 keV and a detector bias of (a) -100 V and (b) -300 
V.
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ill the figure for positions when the X-ray beam was incident in the interpixel region 
the amount of charge collected was less that the total generated charge.. Therefore 
level of charge loss at each position on the line scan is also calculated as shown in 
figure 5.24.
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Figure 5.24: Level of charge loss at each position on line scan between pixels 4 and 
5 at different detector biases.
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It is found that the level of charge loss increases at lower detector biases. For 
example at a beam line position incident 140 fim from the centre of pixel 5, 6.48 
keV of charge is lost at a detector bias of -100 V compared to 4.41 keV at -300 V.
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This equates to 5 % increase in amount of charge being lost at -100 V. This increase 
in charge loss is due to the properties of the electric field at lower detector biases. 
As explained in section 5.4 the increased charge loss in the interpixel region is due 
to a local distortion in the electric field in this region resulting in a lower electric 
field strength. This in conjunction with a lower electric field strength across the 
device at lower detector biases will increases the amount of trapping of charge in 
the interpixel region. This as a result will increase the level of charge lost in the 
interpixel region at lower detector biases as observed in figure 5.24.
5.8 Summary
A large amount of data were taken on the 115 beamline at the Diamond Light 
Source. The beamline was collimated to a mean beam spot size of 20 fim and 
line scans were undertaken between pixels 4 and 5 of array array 3 of the Redlen 
CdZnTe Pixie detector characterised in section 4.2. The primary area of interest 
for this experimental campaign was to investigate how the creation and subsequent 
propagation of fluorescence X-rays effects the detector response. Therefore energies 
below (26 keV) and above (40 keV) the iL-shell fiuorescence energy of Cd (26.7 keV) 
and Te (31.8 keV) were used.
At each position on the line scan the spectrum generated by each pixel was recorded. 
For example figure 5.4 shows the spectra collected by pixel 5 when the beamline was 
incident on the centre of that pixel. It was found that the FWHM of the spectra 
(1.10 keV @ 26 keV and 1.15 keV @ 40 keV) was very close to the ASIC generated 
noise of 1 keV. The major difference between the spectra recorded at 26 keV and 40 
keV was the evidence of Ka and escape peaks from Cd and Te. This resulted in 
a peak-to-valley ratio which was 5 times larger at 26 keV compared to 40 keV.
In conjunction with single pixel spectra recorded at each position on the line scan 
the sum spectrum generated was also analysed. When the beamline was incident 
at regions in and around the interpixel region there was significant charge shar­
ing between pixels.. This resulted in a significant degradation of the spectroscopic
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performance, therefore a sum spectrum was generated (see figure 5.7). The peak 
centroid of the sum spectra and single pixel spectra were found to vary with interac­
tion position of the beamline. To utilize this property a ratio (R(a:)) was defined see 
(equation 5.1 and figure 5.9) to calculate the interaction position of the beamline 
in the interpixel region. This ratio was found to be very accurate as the centre of 
the interpixel region (where R{x) =  0 ) was found to be a distance of 126 fim from 
centre of pixel 5 when it is actually 125 fim away from the centre.
Significant decrease in the total collected charge was also found when the beamline 
was incident in the interpixel region (see figure 5.10). It was found tha t at both 
beamline energies ^  1 1 % of the created charge was not collected when the beam 
was incident in the centre of the interpixel region. The charge loss is thought to be 
due to a local distortion of the electric field in the interpixel region resulting in the 
electrons being trapped and subsequently not collected by a pixel.
2D parametric plots were generated for beam line positions in the interpixel region 
(100 /im - 160 Jim from the centre of pixel 5). These parametric plots showed 
evidence of charge loss in the interpixel region at incident X-ray energies of 26 keV 
and 40 keV. The creation and propagation of fiuorescence X-rays had significant 
effects on the resulting 2D plots at X-ray energies of 40 keV. There are further bands 
relating to the line of “equals sum energy” for the creation and subsequent escape 
of Cd and Te and fiuorescence X-rays. Furthermore the large propagation 
length of these fluorescence X-rays (~  lOO/^m) resulted in events exhibiting less 
charge loss. This is due to the fiuorescence X-rays propagating and depositing its 
created charge on a neighbouring pixel. This as a result meant less charge was 
propagating in the low electric field region in the interpixel region and subsequently 
less charge is trapped and not collected.
At each position on the line scan the level of charge sharing between pixels was 
recorded. At an incident X-ray energy of 26 keV it was found that charge sharing 
only happened in a 100 /^m region centred on the centre of the interpixel region. By 
comparison at 40 keV charge sharing was found to happen at every position on the 
line scan. For positions near the centre of a pixel ~  10% of the events were charge
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shared. Furthermore the region where increased charge sharing occurred was larger 
at 140 fim region centred on the centre of the interpixel region.
The effect the detector bias had on the level of charge sharing between pixels and the 
charge loss in the interpixel region was also investigated. At a beam energy of 40 keV 
charge sharing events were found to dominate at every position around the interpixel 
region at detector bias of -100 V compared to a region of 140 /im at -300 V (see 
figure 5.22). The increase level of charge sharing is due to the longer drifting times 
at lower detector biases resulting in a more diffuse larger charge cloud. The level 
of charge loss in the interpixel region was also found to increase at lower detector 
biases. This is due to the decrease in the bulk electric field at lower detector biases 
resulting in increased trapping in the lower electric field region in the interpixel. 
These effects result in more charge getting trapped thus an decrease in the total 
collected charge.
Chapter 6
Conclusions and Future Work
6.1 Conclusions
In recent years a great amount of scientific research has been carried out on CdZnTe 
as an attractive alternative to Si and Ge as a semiconductor radiation detector. I t ’s 
reasonably good electron charge transport properties and larger band gap means 
CdZnTe can be used in a variety of applications. The main limiting factor of CdZnTe 
is i t’s poor hole transport properties. The mobility lifetime product for holes {fir)h 
is typically 2 orders of magnitude smaller compared to the electrons. The poor hole 
transport properties result in a drop in spectroscopic performance of the CdZnTe 
material. As a result of this much research has been undertaken on modifying the 
anode electrode so the resulting signal generated by the creation of electron-hole 
pairs in the CdZnTe is dominated by the electron motion. One example of single 
charge carrier sensitive device is one with an anode with an array of small pixels. 
The modified weighting potential results in the electron component dominating, fur­
thermore there are multiple interesting effects such as charge sharing and charge loss 
between adjacent pixels. Therefore the PIXIE ASIC was developed to investigate 
these properties and was used in this work.
Initially a piece of Lab VIEW software was written to analyse the data taken from 
a 2 mm thick Redlen CdZnTe detector. The parameters which operated the CR- 
(RC)’^  digital shaper had to be optimized to get the best recorded spectroscopic
120
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performance of the detector. During the optimization of the time constant of the 
digital CR-(RC)" shaper it was found the spectroscopic performance of a Am 
spectrum collected by a single pixel went through a minima at a value of 0.5 /is. 
The properties of the FWHM trend is due to how different components of electronic 
noise contribute to the total recorded noise at different time constants. At values 
less than 0.5 /is the series noise resulting from the input resistance of the PIXIE 
ASIC preamplifier for that pixel dominates. Furthermore at value greater than 0.5 
/IS parallel noise dominates which is due to the leakage current of the device. The 
spectrum recorded by a single pixel was also used to measure how the detector bias 
effects the spectroscopic performance of a device. It was found that as detector bias 
increased the resulting FWHM of the 59.5 keV ^^^Am peak improved. At higher 
detector bias the recorded leakage current increases which has a detrimental effect 
on the performance. However the charge collection efficiency improves at higher 
biases which dominates over the larger leakage current and therefore resulting in an 
improved spectroscopic performance.
The Redlen detector was also used to carry out investigations into effects involving 
multiple pixels. A gain matching procedure was carried out due to small discrepan­
cies in the gain of pixel preamplifiers across an array. This results in a degradation 
of a sum spectrum calculated from the events recorded by the PIXIE detector. By 
use of a software threshold of 1 keV it was possible to define an event by the number 
of pixels which had collected charge resulting in collected energy higher than 1  keV. 
The number of pixels per event is known as the multiplicity and the percentage of 
the total events for each multiplicity was recorded for a variety of spectra. It was 
found that as the pixel size increases the number of charge sharing events decreases. 
For example it was found that for a pixel array of pixel size of 350 /im on a pitch 
of 500 /im, 6  % of the events were charge shared between pixels compared to 60 % 
for a pixel array of 200 /im  pixels on a 250 /im  pitch. This is due to the resulting 
charge cloud from the interaction of a 59.5 keV X-ray with the detector material 
has a final diameter of 60 /im at a detector bias of -300 V for the 2 mm thick de­
tector. This is comparable to the pixel gap for the second array but is considerably
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smaller than the larger array resulting in less charge sharing. The level of charge 
sharing between pixels was measured for different incident X-ray energies, it was 
found as energy increased the level of charge sharing increased. Furthermore the 
increased level of charge sharing increased dramatically at energies above and below 
the A-shell absorption energy for Cd (26.7 keV) and Te (31.8 keV). This was due 
to the creation and subsequent propagation of fluorescence X-ray. The propagation 
length of Cd and Te and X-rays range from 67 ^m  to 160 /im. This initial 
propagation has the effect of increasing the initial size of the charge cloud resulting 
in larger final charge cloud. To investigate this effect further focused X-ray beam 
studies were carried out on the 115 beamline at the Diamond Light Source.
A focused X-ray beam was collimated to a mean spot size of 20 //m and was moved 
in 20 /zm steps between the centre of pixel 5 (middle pixel) and the adjacent pixel, 
pixel 4. The incident X-ray energies used were below (26 keV) and above (40 keV) 
the mean A-shell absorption energies of Cd and Te. It was found tha t no charge 
sharing was found to occur between pixels for beam line positions near the centre 
of a pixel for the 26 keV X-ray beam. In comparison charge sharing was found to 
happen at all beam line positions for X-ray energy of 40 keV. It was found tha t 10 
% of events were charge shared for beam line positions near the centre of a pixel. 
Furthermore at 40 keV the region where charge sharing dominated (m ^ 1 =  99 %) 
was 140 /zm centred on the centre of interpixel region compared to 100 /zm at 26 
keV. Both of these effects are due to the creation and subsequent propagation of 
a fluorescence X-ray through the initial charge cloud. The propagation increased 
the initial charge could size resulting in increased level of charge sharing between 
pixels. For beamline positions incident in the interpixel region it was found tha t the 
total collected charge dropped. Peaking at ~  11% of charge lost this effect is due 
to a distortion of the electric field for positions in the interpixel region resulting in 
electrons being trapped and not collected.
The effect the detector biases has on charge sharing and charge loss in Redlen 
PIXIE pixelated radiation detectors was also investigated on the 115 beamline. A 
40 keV beam was again focused to 20 /z and line scans were performed between
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adjacent pixels on the 200 fim pixel size on a 250 fim pitch pixel array. It was 
found that the region where charge sharing was dominant was significantly larger 
at -100 V compared to -300 V. This is due to the increased final charge cloud 
size at a detector bias of -100 V due to the decreased electric field and subsequent 
longer charge drifting times. The total collected charge was also measured at each 
position of the line scan. It was found that the maximum amount of charge loss 
happened when the 40 keV beam was incident in the centre of the interpixel region. 
Furthermore the maximum charge loss was found to be 5 % higher at a detector 
bias of -100 V. This is due to the decrease in the electric field across the device at 
lower detector biases resulting in an increased region of lower electric field strength 
in the interpixel region.
In future much research will be undertaken on CdZnTe Medipix detectors. These 
detectors have a significantly smaller pixel pitch (55/zm) which makes it challenging 
to bond these detectors to an ASIC such as the Medipix II ASIC. Therefore a 
metrology study was carried out on a CdZnTe Medipix device to provide advice on 
its suitability to be Indium (In) bump bonded to a Medipix III ASIC. It was found 
that there was a large amount of curvature across the device with the height of device 
being 16-18 fim higher in the centre compared to the corners. This may result in the 
corner pixels being lost in the In bump bonding process as the height of the In bumps 
is 16 - 20 fim. Furthermore the characteristics of the fabricated gold pixels showed 
an increase in gold pixel height on two edges of the pixel. Through measurements 
with a Zygo non-contact optical profiler and a scanning electron microscope it was 
found the the pixel height increased by 154 nm on the edge of the pixel. This is 
thought to be due to an issue with the lift-off process in the gold pixel fabrication 
process.
6.2 Future Work
This work has shown that charge sharing and charge loss can have a significant 
effect on the recorded properties of a CdZnTe pixelated detector. The use of pixe-
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lated detectors in applications involving imaging result in the need for smaller and 
smaller pixel sizes. However as shown this results in an increase in charge sharing 
and a subsequent degradation in performance. Therefore significant work is being 
undertaken on CdZnTe detectors with smaller pixels sizes.
Initially work into using In bump bonding on detectors with smaller pixels is being 
undertaken, this will make it possible to bond CdZnTe with small pixels such as 
Medipix detectors where the pixels are on a 55 /im pitch. Therefore metrology 
studies like the one carried out in this work will be undertaken to understand how 
successful the bonding procedure will be. The new Medipix III ASIC is of interest 
as it has a charge sharing correction facility making it possible be used in imaging 
applications whilst still accounting for the large amount of charge sharing between 
pixels. The final aim in this research is to evaluate the use of a 55 /im pitch CdZnTe 
Medipix detector at the Diamond Light Source to investigate phenomena at smaller 
pixel pitches and its use in imaging applications.
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